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Abstract 
Slow earthquakes, which are slip phenomena with longer time scales than ordinary 
earthquakes, occur in the vicinity of locked regions in subduction zones and are 
speculated to be related with occurrence of large earthquakes. Furthermore, slow slip 
events (SSEs), which are slip phenomena with a time scale of days to years, were 
reported to have preceded some large earthquakes. Therefore, revealing SSE activity in 
subduction zones globally is indispensable to understand large earthquake activity 
worldwide. However, currently, there are many areas where geodetic observation 
networks have not been well developed, such as offshore ocean areas, and it is difficult 
to elucidate SSE activity in subduction zones globally only from current geodetic 
observation networks. On the other hand, two kinds of ordinary earthquakes are known 
to closely related to SSE activity in subduction zones. One is an earthquake swarm. An 
earthquake swarm is a seismic sequence without a distinguished mainshock, and 
swarms triggered by SSEs have been observed in subduction zones such as Boso-Oki, 
Japan and the Hikurangi trench, New Zealand. The other one is a repeating earthquake. 
Repeating earthquakes are repetitive rupture of almost the same area on the plate 
interface and can be used as a creep meter on the plate interface. By using these two 
kinds of ordinary earthquakes as potential indicators of SSEs, we can infer the 
occurrence of SSEs even in areas where geodetic observation networks have not been 
well developed. In this study, by investigating earthquake swarms and repeating 
earthquake, we aim to obtain implications for global SSE activity and the mechanism of 
large earthquake occurrences. 	
 
We make a global catalog of earthquake swarms in subduction zones. We present a 
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method for detecting earthquake swarms using the space-time epidemic-type 
aftershock-sequence (ETAS) model. We applied this method to seismicity (M ≥ 4.5) in 
the Advanced National Seismic System catalog at subduction zones during the period of 
1995–2009. As a result, we detected 453 swarm sequences. Subduction zones such as 
Kermadec and Vanuatu are characterized by especially high swarm activity. Moreover, 
in some subduction zones such as Ibaraki-Oki, Japan, foreshock sequences of large 
earthquakes are also detected as earthquake swarms. In these regions, the large 
earthquakes may have been preceded by SSEs. We then compare the swarm activity and 
tectonic properties of subduction zones, finding that the swarm activity is positively 
correlated with curvature of the incoming plate before subduction. This correlation 
implies that swarm activity is controlled by hydration of the incoming plate and/or by 
heterogeneity on the plate interface due to fracturing related to slab bending.  
 
We then further explore the possibility of occurrence of SSEs in Ibaraki-Oki, Japan by 
examining the space-time distribution of earthquake swarms and foreshocks of large 
earthquakes. We use the space-time ETAS model, the matched filter technique, and the 
repeating earthquake analysis to reveal a more detailed history of swarm activity, 
restore small events missing from the earthquake catalog, and estimate the amount of 
interplate fault slip in Ibaraki-Oki. We found that 19 swarm sequences repeatedly occur 
during 1982–2009 at almost the same location as foreshock sequences preceding the 
1982 and 2008 M 7 Ibaraki-Oki earthquakes. Both the foreshock and swarm sequences 
contain repeating earthquakes and have anomalously high seismicity rates inexplicable 
by the ETAS model, suggesting recurrence of SSEs in the source of the 1982 and 2008 
M 7 Ibaraki-Oki earthquakes. The foreshock sequences in 1982 and 2008 have a larger 
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number of events inexplicable by the ETAS model than the swarm sequences. The 
amount of slip of repeating earthquakes in the foreshock sequence in 2008 is also larger 
than those of the swarm sequences, and the slip rate increased 12 hours before the 2008 
M 7 event. These results imply that the SSEs that preceded the 1982 and 2008 M 7 
Ibaraki-Oki earthquakes have larger seismic moments than the other SSEs that triggered 
the swarm sequences. These large SSEs might be related to the nucleation phase of the 
M 7 Ibaraki-Oki earthquakes. 
 
Our study reveals earthquake swarm activity in subduction zones worldwide, tectonic 
controls on earthquake swarm activity, and the relationship between the M 7 
Ibaraki-Oki earthquakes and recurring SSEs in their source region. Our results and 
insights may be useful for future investigations of global SSE activity and studies on the 
mechanism of large earthquake occurrence in subduction zones. 
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1. Overall Introduction 
In subduction zones, where oceanic plates formed at oceanic ridges return to Earth’s 
mantle [e.g., Hess, 1962], many megathrust earthquakes have occurred. In 2004, the Mw 
9.1 Sumatra-Andaman earthquake generated a great tsunami and killed hundreds of 
thousands of people in Southeast Asia [e.g., Lay et al., 2005]. In 2011, the Mw 9.0 
Tohoku-Oki earthquake ruptured the plate interface in the Japan Trench [e.g., Ide et al., 
2011] and caused tens of thousands of deaths in Northeast Japan. Because of such 
devastating damage, revealing the mechanism of large earthquake occurrence in 
subduction zones is critically important not only for earthquake science but also for 
human society. In the past four decades, researchers have tried to elucidate the 
mechanism of large earthquake occurrence by using various models and taking various 
approaches, such as the asperity model, which assumes the plate interface consists of 
mechanically strong spots and weak surrounding areas [e.g., Kanamori, 1986], and 
comparative subductology, which explains variations in seismicity among subduction 
zones from the viewpoint of plate tectonics [e.g., Uyeda and Kanamori, 1979; Scholz 
and Campos, 2012]. Although these models and approaches succeeded in explaining 
some important aspects of the earthquake phenomenon, the mechanism of large 
earthquake occurrence still remains unclear, and it seems currently impossible to predict 
large earthquakes in subduction zones.  
 
On the other hand, recently, slip phenomena called “slow earthquakes”, which are 
characterized by longer time scales than ordinary earthquakes [Ide et al., 2007], have 
attracted much attention and been energetically studied. Various types of slow 
earthquakes have been discovered in subduction zones by previous studies in the past 
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two decades [e.g., Beroza and Ide, 2011; Obara and Kato, 2016]. For example, in the 
Nankai subduction zone, slow slip events (SSEs) [Hirose et al., 1999], deep tectonic 
tremors [Obara, 2002], and very low frequency earthquakes (VLFEs) [Ito et al., 2007] 
were discovered in the deeper transition zone, which is the deeper extension of the 
seismogenic zone. SSEs are episodic aseismic slips on the plate interface whose 
duration ranges from days (short-term SSE) to years (long-term SSE). Geodetics 
observation networks such as Global Navigation Satellite System (GNSS), tilt meters, 
and stain meters can observe SSEs. Deep tectonic tremors and VLFEs are seismic 
signals in the 1–10 Hz and 0.01–0.1 Hz frequency bands respectively. Deep tectonic 
tremors have very ambiguous P- and S-wave arrivals, and their duration is typically tens 
of minutes. Shelly et al. [2007] revealed that deep tectonic tremor is actually a swarm of 
low frequency earthquakes (LFEs) [Nishide et al., 2000]. Both LFEs and VLFEs are 
considered to be shear faulting on the plate interface with much longer characteristic 
duration than ordinary earthquakes with the same seismic moment [Shelly et al., 2007; 
Ito et al., 2007]. Furthermore, Ide et al. [2007] revealed that these slow earthquakes 
follow a simple scaling law, which states that the seismic moment of slow earthquakes 
is proportional to their characteristic duration, and suggested that slow earthquakes can 
be thought of as different manifestations of the same slip phenomena on the plate 
interface.  
 
Similar to the deeper side of the seismogenic zone, various types of slow earthquakes 
also have been observed on the shallower side in subduction zones. Shallow SSEs, 
tectonic tremors, and VLFEs were found in the Nankai subduction zone [Obara and Ito, 
2005; Araki et al., 2017]. Similar observations of deep and shallow slow earthquakes 
 11 
have been reported in many of circum-Pacific subduction zones, such as the Peru–Chile 
Trench, the Middle America Trench, the Cascadia subdcution zone, the Aleutian Trench, 
the Japan Trench, the Ryukyu Trench, Taiwan, and the Hikurangi Trench as 
summarized by Saffer and Wallace [2015] and Obara and Kato [2016]. Therefore, slow 
earthquakes seem to be slip phenomena common to many subduction zones. 
 
Importantly, these slow earthquakes are mainly located on the periphery of locked 
regions on the plate interface, and researchers are speculating the relationship between 
slow earthquakes and large earthquake [e.g., Dragert et al., 2004; Matsuzawa et al., 
2010].	In recent years, SSEs preceding large earthquakes were actually observed in 
subduction zones such as the Japan Trench, northern Chile, and Mexico by geodetic 
observations [e.g., Ito et al., 2013; Ruiz et al., 2014; Radiguet et al., 2016]. The physical 
mechanism that relates the SSEs to the large earthquakes is controversial. Some 
interpreted the SSEs as the nucleation phase of the large earthquakes [Kato et al., 2012; 
Ruiz et al., 2014], similar to those observed in laboratory experiments [e.g., Ohnaka, 
1992] and numerical simulations [e.g., Tse and Rice, 1986; Dieterich 1992, Shibazaki 
and Matsu’ura, 1992]. Others suggested that the SSEs induced stress perturbation on the 
plate interface and triggered the large earthquakes [Ando and Imanishi, 2011; Radiuget 
et al., 2016]. Although these controversies are still continuing, it is clear that SSEs are 
closely related to occurrence of large earthquakes in subduction zones. Therefore, 
revealing SSE activity in subduction zones globally is indispensable in order to 
understand large earthquake activity worldwide, which is one of the most important 
goals in earthquake science.  
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However, currently, there are many areas where geodetic observation networks have not 
been well developed, such as offshore sea areas. Even in Japan, which is one of the 
countries with the most developed geodetic observation network, SSEs occurring 
offshore have only recently been observed [Ito et al., 2013; Araki et al., 2017], and the 
whole picture of their activity is still unclear. Therefore, it seems difficult to elucidate 
SSE activity in subduction zones globally only from geodetic observation networks, 
currently and even in near future.		
	
On the other hand, two kinds of ordinary earthquakes are known to be closely related to 
SSE activity in subduction zones. One is an earthquake swarm, which is a seismic 
sequence without a distinguished mainshock. For example, in Boso-Oki, Japan, 
earthquake swarms accompanied by SSEs occur every 5 to 7 years [e.g., Ozawa et al., 
2003; Hirose et al., 2012]. Likewise, swarms of small earthquakes (from M 2 to M 3) 
accompanied by SSEs have been observed in the Hikurangi Trench, New Zealand 
[Delahaye et al., 2009]. Similar observations also have been reported in Ecuador and 
Mexico [Liu et al., 2007; Vallée et al., 2013]. Furthermore, several studies have tried to 
detect SSEs using earthquake swarms as potential indicators of SSEs in subduction 
zones such as the Sagami Trough and the Aleutian Trench [e.g., Okutani and Ide, 2011; 
Kato et al., 2014; Reverso et al., 2015].	 
	
The other ordinary earthquake that is closely related to SSE activity is a repeating 
earthquake, which is sometimes called “repeater”. Repeating earthquakes are 
earthquakes with almost identical waveforms and considered to be repetitive rupture of 
the same area on the plate interface [e.g., Ellsworth, 1995]. Recurrence intervals of 
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repeating earthquakes are known to reflect a rate of aseismic-slip on the plate interface 
[e.g., Nadeau and Johnson, 1998; Igarashi et al., 2003], and thus repeating earthquakes 
can be used as a creep meter on the plate interface. For example, in the Parkfield 
segment of the San Andreas Fault, detailed slip rate distribution on the plate interface 
was estimated from recurrence intervals of repeating earthquakes [Nadeau and 
McEvilly, 1999]. In offshore Sanriku, the Japan Trench, periodic SSEs with a 
recurrence interval of about 3 years were discovered by repeating earthquake analyses 
[Uchida et al., 2016]. These periodic SSEs are speculated to induce stress perturbation 
on the plate interface and modulate occurrence time of large earthquakes in the Japan 
Trench.	
	
Given these previous studies, by using earthquake swarms and repeating earthquakes as 
potential indicators of SSEs, we can detect SSEs in subdcution zones worldwide 
including areas where geodetic observation networks have not been well developed. In 
this study, we aim to obtain implications for global SSE activity and the mechanism of 
large earthquake occurrence through detection of earthquake swarms at subduction 
zones worldwide and repeating earthquake analyses.		
	
In Chapter 2, we make a global earthquake swarm catalog and specify possible 
locations of unknown SSEs in subduction zones worldwide. We then investigate 
tectonic controls on swarm activity in subduction zones. In Chapter 3, we further 
explore the possibility of recurrence of SSEs in Ibaraki-Oki, Japan, where results in 
Chapter 2 strongly suggest occurrence of SSEs. We then discuss the relationship 
between the SSEs and the 1982 and 2008 M 7 Ibaraki-Oki earthquakes. In Chapter 4, 
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we discuss the structure of the seismogenic zone at subduction zones implied by results 
and insights in Chapter 2 and Chapter 3. In Chapter 5, we summarized our conclusions.		
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2. Detection of earthquake swarms at subduction zones 
globally: Insights into tectonic controls on swarm activity 
 
This chapter is modified from Nishikawa and Ide [2017], which was published in 
Journal of Geophysical Research. 
 
2.1. Summary 
Earthquake swarms are characterized by an increase in seismicity rate that lacks a 
distinguished mainshock and does not obey Omori’s law. At subduction zones, they are 
thought to be related to slow slip events (SSEs) on the plate interface. Earthquake 
swarms in subduction zones can therefore be used as potential indicators of slow slip 
events. However, the global distribution of earthquake swarms at subduction zones 
remains unclear. Here, we present a method for detecting such earthquake sequences 
using the space–time epidemic-type aftershock-sequence (ETAS) model. We applied 
this method to seismicity (M ≥ 4.5) recorded in the ANSS catalog at subduction zones 
during the period 1995–2009. We detected 453 swarms, which is about 6.7 times the 
number observed in a previous catalog. Foreshocks of some large earthquakes are also 
detected as earthquake swarms. In some subduction zones, such as at Ibaraki-Oki, Japan, 
swarm-like foreshocks and ordinary swarms repeatedly occur at the same location. 
Given that both foreshocks and swarms are related to SSEs on the plate interface, these 
regions may have experienced recurring SSEs. We then compare the swarm activity and 
tectonic properties of subduction zones, finding that swarm activity is positively 
correlated with curvature of the incoming plate before subduction. This result implies 
that swarm activity is controlled either by hydration of the incoming plate and/or by 
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heterogeneity on the plate interface due to fracturing related to slab bending. 
 
2.2. Introduction 
A seismic sequence usually consists of one large mainshock and many small 
aftershocks. The seismicity rate of this mainshock–aftershock sequence follows 
Omori’s law, which states that the rate of aftershock decay follows a power law [Utsu, 
1961]. On the other hand, some seismic sequences have neither a clear mainshock nor 
decay according to Omori’s law; such sequences are called earthquake swarms [e.g., 
Richter, 1958; Llenos et al., 2009]. 
 
Earthquake swarms are observed in various tectonic settings and are thought to be 
triggered by phenomena other than earthquake-to-earthquake triggering. For example, 
swarms observed near volcanoes are considered to be related to magmatic intrusion and 
fluid migration [e.g., Aoyama et al., 2002; Toda et al., 2002; Waite and Smith, 2002]. 
Magma and fluids can reduce the strength of faults and thus cause earthquakes. 
Injection of water into the subsurface has induced earthquake swarms in historically 
quiet regions of North America [Ellsworth, 2013]. Swarms are also observed along 
transform plate boundaries and are explained as earthquakes triggered by 
aseismic-creep events [Forsyth et al., 2003; Roland and McGuire, 2009]. 
 
Earthquake swarms in subduction zones are thought to be related to the heterogeneous 
locking of, and fluids on, the plate interface. Holtkamp and Brudzinski [2014] compared 
the spatial distribution of swarms and plate locking along the Chile Trench, revealing 
that earthquake swarms are most likely to occur in regions with intermediate amounts of 
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plate locking, and that regions with active swarms act as barriers to the propagation of 
large earthquake ruptures. Consequently, they suggested that regions with active 
swarms might be indicative of heterogeneous locking. Poli et al. [2017] found that 
earthquake swarms in the central Chile Trench are clustered spatially and have 
orientations similar to those of local fracture zones, suggesting that fluids expelled from 
hydrated fracture zones facilitate the occurrence of earthquake swarms. 
 
On the other hand, recent observations suggest that earthquake swarms in subduction 
zones are triggered by slow slip events (SSEs). For example, recurrent SSEs that 
accompany earthquake swarms are observed at Boso-Oki, Japan [Ozawa et al., 2003; 
Sagiya, 2004]. These SSEs have a recurrence interval of 5 to 7 years, and earthquake 
swarms are observed to occur in the periphery of the SSE areas [Hirose et al., 2012]. 
SSEs accompanying earthquake swarms are also observed at other subduction zones, 
including the Hikurangi Trench and Ecuador [Delahaye et al., 2009; Vallée et al. 2013].  
 
It is also possible to use earthquake swarms as potential indicators of SSEs. Kato et al. 
[2014] detected SSEs at Boso-Oki, Japan, by identifying swarm activity that included 
repeating earthquakes [e.g., Ellsworth 1995; Nadeau and Johnson, 1998]. Reverso et al. 
[2016] found a linear relationship between the seismic moment released by SSEs and 
changes in background seismicity rate during earthquake-swarm periods. Therefore, the 
systematic detection and analysis of swarm activity at subduction zones is useful for 
understanding SSE activity globally, which is thought to be related to large earthquakes 
on the plate interface [e.g., Matsuzawa et al., 2010]. Holtkamp and Brudzinski [2011] 
compiled an earthquake swarm catalog of circum-Pacific subduction zones for the 
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period 1973–2010; however, they used a visual search to detect swarms and their 
criteria for detection were not objective. Zaliapin and Ben-zion [2016] classified and 
characterized global seismicity using the Nearest Neighbor earthquake Distance method 
(NND) and found “swarm-like” clusters globally. However, “swarm-like” clusters 
detected by NND are not necessarily anomalous in terms of Omori’s law as pointed out 
by Reverso et al. [2015].  
 
Reverso et al. [2015] proposed a method to detect earthquake swarms using the space–
time epidemic-type aftershock-sequence (ETAS) model [Zhuang et al., 2002], which 
expresses the seismicity rate as the sum of a stationary background seismicity rate and a 
superposition of Omori’s law, and detected earthquake swarms in the Aleutian arc. 
They estimated temporal changes in background seismicity rates and classified seismic 
sequences with increased background seismicity rates as earthquake swarms. To find 
the increased background seismicity, the method of Reverso et al. [2015] needs to 
consider an additional parameter that represents durations of earthquake swarms, and 
they fixed it (e.g.，1 day). However, this is not suitable for global detection of 
earthquake swarms because durations of earthquake swarms in subduction zones can 
have large variations (e.g., from a few hours to several months) [Holtkamp and 
Brudzinski, 2011]. Here, we present another method to objectively detect earthquake 
swarms using the space–time ETAS model, by which we can detect earthquake swarms 
with various durations, and we apply this method to detect swarms at subduction zones 
globally. 
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2.3. Methods 
2.3.1. Space–time ETAS model 
The ETAS model [Ogata, 1988] expresses the seismicity rate as the sum of a stationary 
background seismicity rate and a superposition of Omori’s law. Swarms have much 
higher seismicity rates than predicted by the ETAS model because they occur due to 
phenomena other than earthquake-to-earthquake triggering and do not decay according 
to Omori’s law [e.g., Llenos et al., 2009; Okutani and Ide, 2011]. In fact, we can use 
this characteristic to detect seismic swarms within seismic sequences. 
 
In this study, we use the space–time ETAS model of Zhuang et al. [2002]. The model 
expresses the seismicity rate as 𝜆 𝑡, 𝑥,𝑦 =  𝜇(𝑥,𝑦)+ 𝜅(𝑀!)!!!! 𝑔(𝑡 − 𝑡!)𝑓(𝑥 − 𝑥! ,𝑦 − 𝑦!;𝑀!) (2.1) 𝜅(𝑀) = 𝐴𝑒! !!!!  (2.2) 𝑔(𝑡) = !!!! 1 + !! !! (2.3) 𝑓 𝑥,𝑦;𝑀 =  !!!!!!!!(!!!!) 1 + !!!!!!!!!(!!!!) !! (2.4) 
where 𝜇(𝑥,𝑦) is the background seismicity rate. The second term in (2.1) is the 
contribution from preceding earthquakes of magnitude 𝑀!  located at (𝑥! , 𝑦!) and 
time 𝑡! , where 𝑀! ≥ 𝑀!  and 𝑡! < 𝑡. The dependence on preceding earthquakes is 
controlled by the seven parameters 𝐴 , 𝑐 , 𝛼 , 𝑝 , 𝐷 , 𝑞 , and 𝛾 . 𝑀!  denotes the 
minimum earthquake magnitude in the catalog being used. 𝜅(𝑀) defines the expected 
number of aftershocks, 𝑔(𝑡) is the probability density of aftershock lag times, and 𝑓 𝑥,𝑦;𝑀  is the probability density of aftershock locations. The seven parameters can 
be estimated by the maximum likelihood method. The log likelihood is given by log𝐿 =  log𝜆(𝑡! , 𝑥! ,𝑦!)  − ! 𝜆 𝑡’, 𝑥,𝑦 𝑑𝑥𝑑𝑦𝑑𝑡’ !!! (2.5) 
 20 
where k runs over all events in the study region A and the time period [0, T] [e.g., 
Zhuang et al., 2002]. According to Zhuang et al. [2002], the probability that an event at 𝑥!, 𝑦!, and time 𝑡! is a background event is given by 𝑃! =  !(!!,!!)! !!,!!,!!  (2.6). 
Thus, the probability of an event at time 𝑡 being a triggered event is 𝑃! =  1−  𝑃! (2.7). 
 
Using the above equations, we can calculate the number of events expected from the 
ETAS model 𝛬 𝑡  in an area 𝑆 from time 0 to 𝑡 as 𝛬 𝑡 = 𝜆 𝑡’, 𝑥,𝑦 𝑑𝑥𝑑𝑦𝑑𝑡’ !!! (2.8). 
We can then transform the occurrence time 𝑡!  of event 𝑖  in the area 𝑆  into a 
transformed time 𝜏! ≡  𝛬 𝑡!  [Ogata, 1988]. If the seismicity in area 𝑆  is well 
described by the ETAS model, the transformed time 𝜏! will follow a standard Poisson 
process, and a plot of the cumulative number of observed events against transformed 
time (i.e., the number of events expected from the ETAS model) will be linear with a 
slope of unity (Figure 2.1). Slopes greater than unity imply that the observed seismicity 
rate is greater than that expected from the ETAS model.  
 
The number of events expected by the ETAS model between two successive events 
(event 𝑖 and 𝑖 + 1) in an area 𝑆 is calculated as 𝜏!!! − 𝜏! = 𝜆 𝑡, 𝑥,𝑦 𝑑𝑥𝑑𝑦𝑑𝑡 !!!!!!!  (2.9). 
If the transformed time 𝜏! follows a standard Poisson process, the standard deviation of 
the number of events between 𝜏! and 𝜏!!! will be 𝜎 = 𝜏!!! − 𝜏! (2.10). 
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Figure 2.1 | Example calculations of transformed time for the southern Japan 
Trench. (a) Magnitude versus time diagram for seismicity in the southern Japan Trench. 
Blue circles denote non-swarm events. (b) Calculated transformed time for the 
seismicity shown in (a); a line with a slope of unity is also plotted. (c) Magnitude versus 
time diagram for the 2007 Boso-Oki swarm. Earthquake swarms detected by our 
analysis are shown as red circles; blue circles denote non-swarm events. (d) 
Transformed time of the 2007 Boso-Oki swarm; this earthquake swarm has a slope 
much larger than unity. 
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2.3.2. Study regions and estimation of the ETAS parameters 
We first divided the world’s subduction zones into 146 half-overlapping study regions, 
following Ide [2013]. Each region is bordered by a trench section that is about 500 km 
long and extends 200 km in the direction of relative plate motion (Figure 2.2). The 
locations of the trench sections and relative plate motions are based on the plate model 
PB2002 [Bird, 2003].  
 
We extracted seismic events for the period 1995–2009 from the Advanced National 
Seismic System (ANSS) catalog and estimated 𝑀! for the 146 study regions using the 
MAXC method [Wiemer and Wyss, 2000; Woessner and Wiemer, 2005]. The average 𝑀! of the 146 study regions is 4.5, with a standard deviation of 0.2. If we use the 
largest 𝑀! among 146 study regions for our analysis, we miss many small events in 
study regions with better magnitude completeness. This is wasteful for statistical 
analysis of seismicity. Ogata [2005] pointed out that the ETAS model can be used to 
detect anomalies in seismicity even if the 𝑀! used in the analysis is slightly lower than 
the actual 𝑀! of the catalog. For these reasons, we used the averaged 𝑀! (= 4.5) of 
the 146 study regions in the following analyses. However, when comparing seismicity 
globally, the spatial variations in the 𝑀! can bias results. Therefore, we repeated our 
analysis using a sufficiently high 𝑀! (= 4.8) in Section 2.5.6. It should also be noted 
that we neglected the temporal changes in the 𝑀! during intensive earthquake swarms 
in the following analysis, so we may have missed some small events during intensive 
earthquake swarms. 
 
We then estimated the seven ETAS parameters for each five-year period 1995–1999, 
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2000–2004, and 2005–2009 using the maximum likelihood method [Zhuang et al., 
2002]. When estimating the ETAS parameters, the background seismicity rate 𝜇(𝑥,𝑦) 
was also simultaneously estimated. For the details, see Zhuang et al. [2002]. 
Considering calculation time needed for the estimation of the ETAS parameters, we 
divided the ANSS catalog into the three five-year periods. The seismicity in the two 
years preceding each of these periods was also used to calculate the increase in 
seismicity rate that is caused by events that occur before each of the time intervals under 
analysis. According to Maeda [1996], M 8 or larger events in subduction zones can have 
aftershock durations, which are time intervals needed for an increased seismicity rate to 
return to a background seismicity rate, longer than two years. Therefore, we visually 
checked seismicity in study regions where M 8 or larger events had occurred during 
1990–2002 and confirmed that these great earthquakes did not bias our swarm detection. 
In addition, great earthquakes can rupture across multiple study regions. Therefore, in 
each study region, we removed aftershock sequences of large earthquakes (≥ M 6.5) that 
had occurred in adjacent study regions from our swarm detection, based on the 
definition of aftershocks in Maeda [1996]. 
 
We did not estimate ETAS parameters for regions in which fewer than 50 events 
occurred in a seven-year period (i.e., the five-year analysis interval plus the preceding 
two years) because a lack of events can result in large errors in the derived ETAS 
parameters. Of the 146 study regions, 36 have fewer than 50 events for all three time 
intervals; in the following, we exclude these regions from analysis and consider only the 
remaining 110 regions. It should also be noted that the calculation of ETAS parameters 
did not converge in some regions; these regions are also not used to detect earthquake 
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swarms for use in our analysis. We used a code of the space-time ETAS model written 
by Zhuang et al. [2002] in our analysis. The code tends to not converge when the 
number of events in the catalog is small or has an increasing trend of the seismicity rate. 
We attempted to estimate ETAS parameters for 82, 95, and 105 regions for the periods 
1995–1999, 2000–2004, and 2005–2009 respectively, with each of these regions having 
more than 50 events in the relevant seven-year period. The calculation of ETAS 
parameters converged for 66, 72, and 71 regions for the three respective time periods. In 
10 of the 110 study regions, the calculation of ETAS parameters did not converge for all 
three time periods. In the following analysis, we use only the remaining 100 regions for 
which the ETAS parameter calculation converged. The estimated ETAS parameters are 
shown in Appendix A1.1. 
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Figure 2.2 | Study region in the southern Japan Trench. Seismic events with M ≥ 4.5 
from the ANSS catalog for the period 1995–2009 are shown by small circles, colored 
according to their occurrence time. The large circle is an example of a “detection circle” 
of radius 30 km; small crosses indicate the centers of detection circles used in the 
analysis of this region (see Section 2.3.3). 
 
2.3.3. Swarm detection and its criterion 
We then used (2.8) to calculate the number of events expected by the ETAS model in 
circles of radius 30 km in each study region (Figure 2.2). The centers of the circles are 
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distributed at intervals of less than 15 km along strike and dip of the plate interface. 
Hereafter, we call these circles “detection circles”. We used 30-km-radius detection 
circles because the 2007 Boso-Oki swarm area had a radius of about 30 km [Hirose et 
al., 2012]. We repeated our analysis using detection circles of radius 60 km, which 
confirmed that the size of detection circles does not significantly affect our results. 
 
We classify a seismic sequence as a “potential earthquake swarm” when the condition 𝜏!!! − 𝜏! + 𝜎 < 1 continuously holds true four times or more. In other words, the 
expected number of events between two successive events 𝜏!!! − 𝜏!  (2.9) in each 
detection circle should not exceed unity, even when considering the 1𝜎 error (2.10), for 
at least four successive events. This criterion enables us to detect seismic sequences 
with seismicity rates that are higher than those expected by the ETAS model, and 
requires at least five events for a sequence to be classified as a potential earthquake 
swarm (see Figure 2.1c and 2.1d). Here, the probability 𝑃!,!! that five events obeying 
the ETAS model have such a high seismicity rate can be calculated as follows. First we 
rearrange (2.10) to obtain 𝜏!!! − 𝜏! + 𝜎 < 1. Then, we have  𝜏!!! − 𝜏! + 𝜏!!! − 𝜏! < 1 (2.11),  𝜏!!! − 𝜏!  <  ! ! !! ! ≈  0.382 (2.12). 
Since the transformed times of the five events follow the standard Poisson process, we 
then have 𝑃!,!! =  (1−  𝑒!!.!"#)! ≈  1.02 × 10!! (2.13). 
 
We also investigated cases of 1.5𝜎 and 2𝜎 errors; i.e., 𝜏!!! − 𝜏! + 1.5𝜎 < 1 and 𝜏!!! − 𝜏! + 2𝜎 < 1. In both cases, however, we could not detect the 2007 Boso-Oki 
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swarm, which is quite likely to be triggered by a SSE [Hirose et al., 2012], because the 
criteria were too strict. Therefore, we use a 1𝜎 error criterion in the following. 
 
In addition, we require the first event of each potential swarm to be a background event 
(i.e., 𝑃! ≥ 0.5 (2.6)) because we do not want to classify aftershock sequences with 
anomalously high seismicity rates as earthquake swarms. Although aftershock 
sequences with anomalously high seismicity rates might be related to large afterslip 
events [Marsan et al., 2014], here we focus on earthquake swarms that are potentially 
related to SSEs rather than afterslip events. However, this requirement (𝑃! ≥ 0.5 (2.6)) 
can result in detection failures of some swarm sequences. This is discussed in Section 
2.5.3. 
 
After applying the above detection criterion, we grouped any potential swarms that have 
common events into a single cluster. Finally, we identified clusters for which the 
magnitude difference between the largest (M1) and second largest event (M2) is less than 
unity, as Båth’s Law implies that 𝑀! −𝑀! ≥ 1  for typical mainshock–aftershock 
sequences [Båth, 1965], and we defined these as earthquake swarms. The parameters 
used for our earthquake-swarm detection analysis are summarized in Table 2.1. 
 
Note that our detection scheme does not assume that earthquake swarms is clustered in 
a short duration. Therefore, seismic sequences with higher seismicity rates than the 
prediction of the ETAS model for a long duration can also be classified as earthquake 
swarms. Thus some earthquake swarms have very long durations (e.g., longer than 
several months) and are unlike typical earthquake swarms. However, such long-term 
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increases in background seismicity rates inexplicable by the ETAS model may also 
suggest some background phenomena. In fact, SSEs can trigger not only typical swarms 
but also long-term increases in background seismicity rates. For example, an increase in 
the background seismicity rate that lasted 6 months associated with an SSE from 
October 2001 and April 2002 was observed in Guerrero, Mexico [Liu et al., 2007; 
Radiguet et al., 2016]. 
 
Table 2.1 | Parameters used for our earthquake-swarm detection analysis. 
Parameter for detection Value 
Radius of detection circle 30 km 
Required anomaly  𝜏!!! − 𝜏! + 𝜎 < 1a 
Minimum number of events in one swarm 5 𝑃! of the first event of a swarmb  ≥0.5 𝑀! –  𝑀!c <1 
a 𝜏! is the transformed time for the i-th event in a detection circle, and 𝜎 is the 
standard deviation of the number of events between 𝜏! and 𝜏!!! (2.10). 
b 𝑃! is the probability that an event is a background event (2.6). 
c M1 and M2 are magnitudes of the largest and second largest events in a cluster, 
respectively. 
 
2.3.4. False swarm detections 
Even if the transformed times of seismic sequences completely follow a standard 
Poisson process (i.e., the seismic sequences completely follow the ETAS model), some 
sequences are falsely classified as swarms by our method. In this section, we estimate 
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the proportion of events in our catalog that are false positives. 
 
Let us consider a study region with 650 detection circles, and assume that each 
detection circle contains 7 events. These choices are reasonable since they respectively 
correspond to the average number of detection circles in all study regions and the 
average number of events in all detection circles in this study. For simplicity, we 
assume that these detection circles do not overlap; i.e., we have 650 ×7 = 4550 
distinct events. We determined the transformed times of events in each detection circle 
using a Monte Carlo method, assuming that the transformed times in each detection 
circle follow a standard Poisson process. Then, we applied the criterion described in the 
previous section to detect potential earthquake swarms. We repeated this procedure 
1000 times. In these simulations, on average 1.8% of the 4550 events were classified as 
potential swarms, with a standard deviation of 0.5%. This result suggests that on 
average our method falsely classifies 1.8% of all events in the catalog as potential 
swarms even if seismic sequences completely follow the ETAS model. False detections 
tend to increase with the number of events per detection circle. A study region in 
Philippines during 1995–1999 has the largest average number of events per detection 
circle (29 events per detection circle). We repeated our Monte Carlo simulation 
assuming that each detection circle contains 29 events. As a result, we detected 3.4 % of 
the all events as potential swarms on average. This suggests that our method classify 
3.4 % of all events in catalog as potential swarms at the most. 
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2.4. Results 
2.4.1. Example swarm detections 
2.4.1.1. Southern Japan Trench 
Figure 2.3 shows an example of swarms detected in the southern Japan Trench. We 
detected nine earthquake swarms during the interval 1995–2009. At Boso-Oki, three 
swarms are known to have been accompanied by SSEs in this period [Hirose et al., 
2012]. Of these, we detected only the 2007 swarm in our analysis because the 
magnitude of all events in the other two swarms is below the magnitude of 
completeness 𝑀! =  4.5 for our catalog. The cumulative number of events during 
2005–2009 is plotted against transformed time (i.e., the number of events expected from 
the ETAS model) in Figure 2.1c and 2.1d. The slope during the 2007 Boso-Oki swarm 
period is much greater than unity, which implies that this swarm had much higher 
seismicity rates than those expected by the ETAS model. 
 
Figure 2.3b shows the ratio between the number of background events in detected 
swarms and the number of all background events in each detection circle; we call this 
ratio the “swarm ratio”. This figure shows that Boso-Oki and offshore Boso-Oki have 
high swarm ratios. Only two colored detection circles on the southwest edge of the 
study region detected the 2007 Boso-Oki swarm. This is because the 2007 Boso-Oki 
swarm contains only five events, which are the minimum requirement in our detection 
criterion, although its seismicity rate is about 5 times higher than the prediction of the 
ETAS model. On the other hand, two swarms in offshore Boso-Oki in 2004 (nine events 
with a seismicity rate 14 times higher than the prediction) and 2007 (eight events with a 
seismicity rate 10 times higher than the prediction) have more anomalous seismicity and 
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were detected by many detection circles. They are not related to the Boso-Oki SSEs and 
newly detected by our analysis. Ibaraki-Oki also shows very high swarm activity. This 
region experienced four swarms during the period 1995–2009 (Figure 2.4). One of these 
swarms is actually a foreshock sequence of the M 6.9 2008 Ibaraki-Oki earthquake (see 
Figures 2.3, 2.4c, and 2.4d). Here, we define foreshocks as seismic sequences that are 
followed by an event with M ≥ 6.5 that occurs within five days and 50 km of the each 
foreshock events.  
 
An M ≥ 6.5 event can also be triggered by an event larger than itself, which is assumed 
to have occurred when the probability that the M ≥ 6.5 event was triggered by a larger 
event calculated by the ETAS model exceeds 0.5. In this case, we do not treat seismic 
sequences preceding the M ≥ 6.5 event as foreshocks, because they actually represent 
early aftershocks of the larger event. Hereafter, we refer to a foreshock sequence with 
high seismicity rates that cannot be explained by the ETAS model as a “swarm-like 
foreshock sequence”. 
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Figure 2.3 | Detected swarms and swarm ratios in the southern Japan Trench. (a) 
Hypocenters of swarms detected by our analysis. Hypocenters of detected swarms are 
shown as small circles and colored according to their occurrence time. The hypocenter 
of the 2008 M 6.9 Ibaraki-Oki earthquake is indicated by the blue star. The color 
shading denotes areas where more than 10 m of slip occurred during the 2011 Tohoku 
earthquake [Ide et al., 2011]. (b) Swarm ratios calculated for each detection circle. The 
large circle is an example of a detection circle of radius 30 km; small circles indicate the 
center of each detection circle and are colored according to the computed swarm ratio.  
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Figure 2.4 | Transformed times of earthquake swarms in Ibaraki-Oki, Japan. (a) 
Magnitude versus time diagram of an earthquake swarm in 2002 in Ibaraki-Oki. Red 
circles denote earthquake swarms detected by our analysis; blue circles represent 
non-swarm events. (b) Calculated transformed time for the seismicity shown in (a). (c) 
Magnitude versus time diagram for a swarm-like foreshock sequence preceding the 
2008 M 6.9 Ibaraki-Oki earthquake. (d) Transformed time of the swarm-like foreshock 
sequence preceding the 2008 M 6.9 Ibaraki-Oki earthquake.  
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2.4.1.2. Kurile 
We detected 10 earthquake swarms during the period 1995–2009 in the Kurile study 
region (Figure 2.5). The 1995 Iturup swarm [The Headquarters for Earthquake Research 
Promotion, 1995], which was not reported in the catalog of Holtkamp and Brudzinski 
[2011], is successfully detected by our method (see Figures 2.5, 2.6a, and 2.6b). 
Another swarm is detected in 2003 in the same detection circle as the 1995 Iturup 
swarm, and areas around the 1995 Iturup earthquake swarm have relatively high swarm 
ratios (Figure 2.5b). 
 
Large amounts of swarm activity are also observed offshore of Simushir Island, with 
two swarms occurring during 1995–2009 (Figure 2.5a). The first swarm, in 1997, was 
an ordinary swarm; the second was a swarm-like foreshock sequence preceding an 
M 6.6 event that occurred in September 2006 (Figure 2.6c and 2.6d). Relatively high 
seismicity rates continued in this region until November 2006 (Figure 2.6c), leading to 
the occurrence of the 2006 M 8.3 Kurile Islands earthquake [Ammon et al., 2008], 
although we did not detect these sequences as earthquake swarms (see Section 2.5.3). 
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Figure 2.5 | Detected swarms and swarm ratios in the Kurile region. (a) 
Hypocenters of swarms detected by our analysis. Hypocenters of detected swarms are 
shown as small circles and colored according to their occurrence time. The orange 
shading denotes the area where more than 1 m of slip occurred during the 2006 M 8.3 
Kurile Islands earthquake [Ammon et al., 2008]. (b) Swarm ratios calculated for each 
detection circle; small circles indicate the center of each detection circle and are colored 
according to the computed swarm ratio. 
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Figure 2.6 | Transformed times of earthquake swarms in Kurile. (a) Magnitude 
versus time diagram of the 1995 Iturup swarm. Red circles denote earthquake swarms 
detected by our analysis; blue circles represent non-swarm events. (b) Calculated 
transformed time of the 1995 Iturup swarm. (c) Magnitude versus time diagram of a 
swarm-like foreshock sequence for a M 6.6 event that preceded the 2006 Kurile Islands 
earthquake. (d) Transformed time of the swarm-like foreshock sequence of a M 6.6 
event that preceded the 2006 Kurile Islands earthquake. 
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2.4.1.3. Kermadec 
The Kermadec study region is characterized by intense swarm activity. We detected 28 
earthquake swarms in the region during the period 1995–2009 (Figure 2.7), with 
swarms repeatedly being observed at the same locations. For example, four swarms are 
detected over this time interval within a detection circle centered at (33.2°S, 178.2°W); 
three of the four recurring swarms in this detection circle are visible in Figure 2.8. 
 
 
Figure 2.7 | Detected swarms and swarm ratios in Kermadec. (a) Hypocenters of 
swarms detected by our analysis. Hypocenters of detected swarms are shown as small 
circles and colored according to their occurrence time. (b) Swarm ratios calculated for 
each detection circle; small circles indicate the center of each detection circle and are 
colored according to the computed swarm ratio. 
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Figure 2.8 | Transformed times of earthquake swarms in Kermadec. (a) Magnitude 
versus time diagrams for three swarms detected in Kermadec. Red circles denote 
earthquake swarms detected by our analysis; blue circles represent non-swarm events. 
(b) Calculated transformed times for the three swarms. The third swarm, which 
occurred in October 2007, has been separated into two swarms in these figures. 
However, clustering of the detected swarms meant that it was originally detected as a 
single swarm (see Section 2.3.3). 
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2.4.2. Swarms detected at subduction zones globally 
2.4.2.1. Characteristics of detected swarms 
We detected 453 swarms during the period 1995–2009 at subduction zones globally. Of 
the 453 swarms, 14 are actually swarm-like foreshocks. The number of events in each 
detected swarm sequence varies from five events to twenty-six events. Its average and 
standard deviation are 7.5 events and 3.6 events. The swarm sequence that contains the 
largest number of events (twenty six events) is a swarm in Kermadec from February 
1997 to June 1997. Durations of detected swarms vary from a few tens of minutes to 
two years. Median inter-event time for each swarm sequence is useful for quantifying 
the degree of clustering in time of detected swarm sequence. The median inter-event 
time of 332 of the 453 detected swarm sequences (i.e., 73 %) are from 0 to 10 days. The 
remaining 121 sequences (i.e., 27 %) have longer median inter-event time. These 
sequences are not like typical earthquake swarms clustered in space and time, and rather 
classified as long-term increases in background seismicity rates.  
 
Next, we characterize detected swarms following the method of Vidale and Shearer 
(2006). Figure 2.9 shows the relationship between the number of events and magnitude 
of the largest event in each swarm sequence, together with those of randomly sampled 
mainshock-aftershock sequences. The number of aftershocks is calculated as the 
summation of probabilities of being triggered by a mainshock for each event following 
the mainshock using the ETAS model. According to Zhuang [2002], the probability 𝜌!,! 
that the jth event is an aftershock of the ith event is 𝜌!,! =  !(!!)!(!!!!!)!(!!!!!,!!!!!;!!)!(!!,!!)  (2.14). 
The summation also includes probabilities of being triggered by aftershocks (i.e., 
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secondary aftershocks). For example, the probability that the kth event is an aftershock 
of the jth event and the jth event is an aftershock of the ith event, i.e., the kth event is a 
secondary aftershock of the ith event via the jth event, is given by 𝜌!,!𝜌!,!. In Figure 2.9, 
we also showed the number of aftershocks expected from the ETAS model in the 
southern Japan Trench in the period 2005–2009 for reference (a green dashed line). This 
line only considers aftershocks directly triggered by a mainshock. In this figure, the 
number of events in detected swarm sequences, unlike mainshock-aftershock sequences, 
is not a function of the magnitude of the largest event in the sequence. Furthermore, 
swarms with the maximum magnitude smaller than M6.5 are well differentiated from 
mainshock-aftershock sequences. These results confirm that our method certainly 
detects swarm-like sequences defined by Vidale and Shearer (2006). On the other hand, 
swarms with the maximum magnitude larger M6.5 are not differentiated from 
mainshock-aftershock sequences. This may be due to a limitation of our method. Our 
method tends to underestimate the number of events in each swarm sequence when a 
swarm sequence has a small time-gap in the middle as discussed in Section 2.5.3. 
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Figure 2.9 | Relationship between the number of events and magnitude of the 
largest event in an earthquake sequence. Gray-scaled circles are swarm sequences. 
The circles are colored according to the number of sequences with the same number of 
events and magnitude of the largest event. Red points are randomly sampled 
mainshock-aftershock sequences. The green dashed line indicates the number of 
aftershocks expected from the ETAS model in the southern Japan Trench in the period 
2005–2009. 
 
2.4.2.2. Spatial distribution of detected swarms 
The hypocenters of the 453 detected swarms are shown in Figure 2.10a. Almost all 
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subduction zones globally experienced earthquake swarms during the period 1995–2009. 
However, no swarms were detected in the Andaman subduction zone. The absence of 
swarms there is partly a consequence of an extremely high aftershock rate caused by the 
Mw 9.3 Sumatra–Andaman earthquake of December 26th, 2004, which prevents us from 
detecting swarms in this region between 2005 and 2009. The number of swarm events 
and the swarm ratio in each study region are shown in Figure 2.10b and 2.10c, 
respectively. The number of swarm events and the swarm ratio are averaged over the 
three time periods 1995–1999, 2000–2004, and 2005–2009. Subduction zones such as 
those at Vanuatu, Tonga, Kermadec, the Philippines, and South Sandwich are 
characterized by very high swarm activity. In these regions, earthquake swarms 
repeatedly occur at the same location (Figure 2.10a). 
 
In addition, swarm activity exhibits large along-strike variation at each subduction zone. 
For example, along the Japan Trench, Ibaraki–Boso-Oki has experienced recurring 
swarm activity. However, Figures 2.3a and 2.10a show that no swarms were observed in 
the rupture area of the 2011 M 9 Tohoku earthquake, which lies just north of Ibaraki–
Boso-Oki [Ide et al., 2011], in agreement with Holtkamp and Brudzinski [2014]. On the 
other hand, in offshore Sanriku-Oki, which is further north of the rupture area, some 
earthquakes swarm sequences were observed (Figure 2.10a). Similarly, in the Kermadec 
region a large change in the swarm ratio from 11% to 3% is seen between (34.6°S, 
181.5°E) and the area just to the south at (36.8°S, 180.3°E), as is apparent from Figure 
2.10c. 
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Figure 2.10 | Swarm activity at subduction zones globally. (a) Map showing the 
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hypocenters of swarms detected by our analysis, plotted as blue dots. Detection circles 
where two or more earthquake swarms were found (i.e., repeating swarms) are shown 
by yellow dots. Swarm-like foreshocks are plotted as orange dots; detection circles 
where we observed both swarm-like foreshocks and swarms are plotted as red dots. 
Areas shaded dark gray indicate study regions where we did not estimate the seven 
ETAS parameters because fewer than 50 events were observed in all three time periods 
under consideration. Areas shaded light gray represent the 10 regions where the 
calculation of ETAS parameters did not converge for all of the time periods. (b) Map 
showing the number of swarm events in the 100 study regions. (c) Map showing swarm 
ratios in the 100 study regions. The number of swarm events and the swarm ratios 
plotted are averaged over the three time periods 1995–1999, 2000–2004, and 2005–
2009. 
 
2.5. Discussion 
2.5.1. Comparison with a previous swarm catalog 
Holtkamp and Brudzinski [2011] detected 68 megathrust swarms by visual search in our 
110 study regions during the period 1995–2009, which is about one-seventh of the 
number detected in this study. Of these 68 swarms, 44 (i.e., 65%) were also detected in 
our analysis; 16 of the 68 swarms (i.e., 24%) were not detected because their seismicity 
rates were not high enough compared with the values predicted by the ETAS model. A 
further three swarms were not detected in this study because they were not classified as 
earthquake swarms but rather as aftershock sequences with anomalously high seismicity 
rates. Two swarms were not detected because the magnitude difference between the 
largest two events is not less than unity. The remaining three swarms were not detected 
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in our analysis because the calculation of ETAS parameters did not converge or because 
the number of events was too small to estimate the ETAS parameters in the study 
region. 
 
Comparing the spatial distribution of earthquake swarms in the two catalogs, we see 
that Holtkamp and Brudzinski [2011] also detected many swarms in Vanuatu and the 
Kermadec region, which is consistent with our analysis. However, they did not detect 
any swarms in northern Tonga, whereas Tonga is characterized by large amounts of 
swarm activity in our analysis (Figure 2.10). This difference might be explained by the 
very high rate of background seismicity in northern Tonga [Ide, 2013], which makes it 
difficult to detect swarms by a visual search. 
 
2.5.2. Choice of detection threshold 
The events in our earthquake-swarm catalog depend on the choice of parameters used 
for our analysis (Table 2.1), and especially on the anomaly required for detection, 
chosen here as 1𝜎. We adopted this value based on a preliminary analysis performed for 
the 2007 Boso-Oki swarm (Section 2.3.3), which is thought to have been triggered by 
an SSE [Hirose et al., 2012]. This value is appropriate because the focus in this study is 
earthquake swarms that are potentially related to SSEs and thus similar to the 2007 
Boso-Oki swarm. Using a more strict detection threshold means that our scheme 
identifies only those seismic sequences with more anomalous seismicity rates, and so 
the number of earthquake swarms detected decreases. For example, from (2.11)–(2.13) 
and using 1.5𝜎 and 2𝜎 errors as the anomalies required for swarm detection, the 
probabilities 𝑃!,!.!! and 𝑃!,!! that five events that follow the ETAS model have such 
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high seismicity rates decrease to 2.39 × 10–3 and 6.18 × 10–4, respectively. Therefore, 
when compared with the 1𝜎 case, a seismic sequence must be 4.3 times or 16.5 times 
more anomalous for classification as a swarm when using a 1.5𝜎 or 2𝜎 criterion, 
respectively, since 𝑃!,!! ∕ 𝑃!,!.!!  ≈  4.3 and 𝑃!,!! ∕ 𝑃!,!!  ≈  16.5 (13). As a result, 
the number of earthquake swarms detected decreases from 453 (1𝜎) to 206 (1.5𝜎) to 94 
(2𝜎); use of a stricter criterion also means that many earthquake swarms that are 
potentially related to SSEs, such as the 2007 Boso-Oki swarm, are excluded. We could 
also have used a less strict detection threshold, such as 0.5𝜎. In this case, the minimum 
number of events required to define a swarm should be increased to avoid false-positive 
swarm detections (see Section. 2.3.4). 
 
2.5.3. Limitations of our method 
Though our method is simple and useful to detect anomalous seismicity that does not 
follow the ETAS model, there are some limitations to be noted. 
 
Because of the requirement that the first event of each potential swarm to be a 
background event (i.e., 𝑃! ≥ 0.5 (2.6)), we miss earthquake swarms in following two 
scenarios. The first scenario is that one swarm sequence with a small time-gap in the 
middle occurred. In this scenario, we can detect the beginning part of the swarm 
sequence, but often miss its succeeding part. This is because a probability that the first 
event in the succeeding part is an aftershock of the beginning part is high (i.e., 𝑃! > 0.5 
(2.7)). The second scenario is that an earthquake swarm was preceded by a foreshock 
sequence following the ETAS model. In this case, the swarm sequence cannot be 
differentiated from aftershock sequences with anomalously high seismicity rates in our 
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study. Examples of these detection failures in the southern Japan Trench and the Kurile 
trench are shown in Appendix A1.2. These examples show that our method may 
underestimate the number of events in each swarm sequence because we sometimes 
miss a succeeding part of each swarm sequence as in the first scenario. However, the 
number of swarm sequences is not strongly affected by the requirement of 𝑃! ≥ 0.5 
because detection failures as in the second scenario are relatively rare. 
 
The requirement that 𝜏!!! − 𝜏! + 𝜎 < 1 continuously holds true four times or more 
also can result in detection failures. This requirement is rather strict. If this requirement 
is broken once due to a small time gap in a swarm sequence, we can no longer detect 
events following the time gap. However, if we relax these requirements, we will have 
more false-positive swarm detections. Therefore, in this study, we used this simple and 
strict detection criterion.  
 
The size of study regions (about 500 km along strike and 200 km in the direction of 
relative plate motion) also can affect our swarm detection. If there are small sub-regions 
where aftershock productivity is about three times larger than that of the entire study 
region, our method cannot differentiate between swarm sequences and aftershock 
sequences. To investigate how the size of study regions affects our swarm detection, we 
made a half-sized study region (about 250 km along strike) in the southern Japan 
Trench (Ibaraki-Boso-Oki), where swarm activities were especially high in our analysis 
(Figure 2.3a), and detected earthquake swarms again. Figure 2.11 shows detected 
earthquake swarms in the half-sized study region. The detected swarms are the same as 
those detected using the larger study region (about 500 km along strike). Therefore, the 
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influence of the size of the study region is small at least in the southern Japan Trench. 
 
 
Figure 2.11 | Swarms detected in a half-sized study region in the southern Japan 
Trench. Hypocenters of detected swarms are shown as small circles and colored 
according to their occurrence time. The hypocenter of the 2008 M 6.9 Ibaraki-Oki 
earthquake is indicated by a blue star. 
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2.5.4. Earthquake swarms associated with SSEs 
In some subduction zones, earthquake swarms accompanied by SSEs have been 
observed. As already mentioned in Section 2.2 and Section 2.4.1.1, recurring swarm 
activity and SSEs with a recurrence interval 5 to 7 years are observed in Boso-Oki, 
Japan. In addition to Boso-Oki, earthquake swarms associated with SSEs were also 
observed in Hikurangi (New Zealand), Ecuador, and Guerrero (Mexico). A complex 
history of SSEs in Hikurangi was revealed by Wallace and Beavan [2010]. These SSEs 
trigger swarm activities of small earthquakes [Delahaye et al., 2009]. However, we 
could not detect these swarms because their magnitude (from M 2 to M 3) is smaller 
than our 𝑀!  (= 4.5). In Ecuador, an SSE accompanying earthquake swarms were 
observed in 2010 [Vallée et al., 2013]. In addition to the 2010 SSE, Vallée et al. [2013] 
inferred occurrences of SSEs in 1977, 1998, 2002, and 2005 from occurrences of 
intense earthquake swarms. However, we also missed these swarms. This is because the 
background seismicity rate in Ecuador is very low, and we did not have enough events 
(more than 50 events in a seven-year period) to estimate ETAS parameters there. In 
contrast to Hikurangi and Ecuador, we successfully detected an increased seismicity 
rate associated with an SSE from October 2001 to April 2002 in Guerrero, Mexico [Liu 
et al., 2007; Radiguet et al., 2016] as a swarm sequence (Figures 2.12 and 2.13). The 
beginning of this increased seismicity coincided with that of the SSE and lasted for 
more than six months.  
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Figure 2.12 | Hypocenters of earthquake swarms associated with an SSE from 
October 2001 to April 2002 in Guerrero, Mexico. Hypocenters of the swarms are 
shown as small circles and colored according to their occurrence time. The black circle 
is one of the detection circles in which we detected this swarm sequence. Seismicity in 
this detection circle is shown in Figure 2.13. The green dashed rectangle indicates the 
SSE zone [Radiguet et al., 2016]. 
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Figure 2.13 | Transformed time of an earthquake swarm in Guerrero, Mexico. (a) 
Magnitude versus time diagram of a swarm sequence associated with an SSE from 
October 2001 to April 2002 in Guerrero. Red circles denote earthquake swarms detected 
by our analysis; blue circles represent non-swarm events. The green shaded time period 
indicates the duration of the SSE. (b) Calculated transformed time for the seismicity 
shown in (a). 
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2.5.5. Swarm-like foreshocks and recurring swarm activity 
In our study regions, 227 large earthquakes (M ≥ 6.5) occurred during the period 1995–
2009. Here we excluded M ≥ 6.5 events that were triggered by a larger event (See 
Section 2.4.1.1). 57 events of the 227 events (25%) were preceded by foreshock 
sequences. 14 events of the 227 events (6%) were preceded by swarm-like foreshock 
sequences (Figure 2.10a). Some of the 14 swarm-like foreshock sequences were 
particularly vigorous and included more than 10 events. Examples include the 
sequences preceding the 2008 M 6.9 Ibaraki-Oki earthquake (Figure 2.4c and 2.4d), a 
M 6.6 event preceding the M 8.3 2006 Kurile Island earthquake (Figure 2.6c and 2.6d), 
and a M 6.5 event in 2007 in Vanuatu. From (2.11)–(2.13), we see that the probability 𝑃!",!! that 10 events obeying the ETAS model have such high seismicity rates is less 
than 3 × 10–5. Therefore, these anomalously high seismicity rates imply the existence of 
a hidden mechanism, other than earthquake-to-earthquake triggering, that triggered 
these events. 
 
Recent studies have also reported foreshock sequences in subduction zones that do not 
follow the stationary ETAS model. For example, Kato et al. [2016] observed an 
increase in background seismicity rate in the week preceding the 2014 Mw 8.2 Iquique 
earthquake. Analyses using repeating earthquakes and Global Positioning System (GPS) 
measurements suggest that an SSE preceding the Mw 8.2 event caused this increased 
rate of background seismicity [Ruiz et al., 2014; Kato et al., 2016]. Bouchon et al. 
[2013] investigated seismicity preceding large interplate earthquakes (i.e., M ≥ 6.5) in 
circum-Pacific subduction zones. They found that seismicity preceding this type of 
event exhibits increasing rates that cannot be explained by the ETAS model. They 
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suggested that the occurrence of SSEs before large interplate earthquakes causes this 
increase in seismicity rates. Although the physical mechanism that relates SSEs to large 
interplate earthquakes is controversial [Ohnaka 1992; Ando and Imanishi, 2011; Dixon 
et al., 2014], other recent observations also support the idea that SSEs precede large 
interplate earthquakes [Bouchon et al., 2011; Ito et al., 2013]. The swarm-like 
foreshocks detected in our study are similar to these earlier observations, as the 
sequences we observe do not follow the ETAS model. It is possible that these 
swarm-like foreshocks were also triggered by SSEs, although further investigation 
using repeating earthquakes or GPS measurements is needed to confirm this hypothesis.  
 
In addition, it is worth noting that we also detected ordinary earthquake-swarms in the 
three regions that experienced the vigorous swarm-like foreshock sequences mentioned 
above (Figure 2.10a). In Ibaraki-Oki, we detected three ordinary swarms in addition to 
the 2008 swarm-like foreshock sequence (Figure 2.4a and 2.4b). In Kurile, an ordinary 
earthquake-swarm occurred in 1997 in the same detection circle as the 2006 vigorous 
swarm-like foreshock sequence (Figure 2.5a). Likewise, in Vanuatu an ordinary swarm 
occurred in 2004 in the same detection circle as the 2007 vigorous swarm-like 
foreshock sequence. If these ordinary swarms are also related to SSEs then these 
regions may have experienced repeated SSEs. 
 
2.5.6. Relationship between swarm activity and tectonic properties 
Recent studies have shown that seismicity in subduction zones is controlled by the 
tectonic properties of the subduction zone. For example, Ide [2013] demonstrated that 
proportionality exists between plate velocity and seismicity rate. Given that plate 
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velocity represents the strain rate on the plate interface, this proportionality appears to 
be intuitive. Nishikawa and Ide [2014] found a positive correlation between plate age 
and the b-value of earthquake magnitude–frequency distributions [Gutenberg and 
Richter, 1944], and inferred that differences in slab buoyancy cause differences in stress 
state and hence control b-values at subduction zones. Nishikawa and Ide [2015] and 
Shillington et al. [2015] found that the degree of bending or curvature of the incoming 
plate prior to subduction is positively correlated with seismicity rates in subduction 
zones. They suggested that hydration of the incoming plate before subduction [Ranero 
et al., 2003; Faccenda et al., 2009] and/or a rough (i.e., heterogeneous) plate surface 
[Uyeda, 1983; Tanioka et al., 1997] caused by fracturing related to slab bending result 
in high seismicity rates in subduction zones with large amounts of plate bending. 
Furthermore, curvature of the incoming plate may also be related to the maximum 
possible earthquake magnitude for a particular subduction zone, because bending of the 
incoming plate produces heterogeneity in its shear strength, which makes it difficult for 
earthquake ruptures to propagate over large areas [Bletery et al., 2016]. With regard to 
earthquake swarms, Poli et al. [2017] reported that regions with large amounts of swarm 
activity in the central Chile Trench correspond to areas that have hydrated fractures 
related to slab bending. Holtkamp and Brudzinski [2011] note that swarms are pervasive 
in Marianas-type subduction zones [Uyeda and Kanamori, 1979], where old, dense 
slabs are subducting slowly, resulting in an extensional stress-field. 
 
In this section, we investigate the relationship between earthquake swarm activity and 
the tectonic properties of subduction zones globally using our earthquake swarm catalog. 
In subsequent analysis, we compare swarm activity with plate velocity, curvature of the 
 55 
incoming plate before subduction, and plate age. Plate motions and ages are based on 
Bird [2003] and Müller et al. [2008], respectively. We calculated plate curvature before 
subduction using the global bathymetry dataset of Smith and Sandwell [1997] (see 
Appendix A1.3 for details of the curvature calculations). 
 
The relationship between swarm activity and various tectonic properties is shown in 
Figure 2.14. In Figure 2.14a, the number of swarm events is positively correlated with 
plate velocity though data points in the correlation appear to be vertically distributed (R 
= 0.60). This is due to two outliers (two study regions in Tonga) with plate velocity 
faster than 150 mm/yr. We excluded these two outliers, calculated the correlation 
coefficient again, and confirmed that the positive correlation between the number of 
swarm events and plate velocity still could be observed (R = 0.61). Given that plate 
velocity represents the strain rate on the plate interface, and thus determines the 
recurrence intervals of repeating events in subduction zones [Ide 2013], this correlation 
appears intuitive. On the other hand, the positive correlation between the number of 
swarm events and plate curvature shown in Figure 2.14b is more intriguing. Plate 
curvature is also correlated with the number of swarm events per meter of plate motion 
(i.e., the number of swarm events divided by plate velocity), as can be seen from Figure 
2.14e, and these variables show a stronger correlation (R = 0.42) than that between plate 
velocity and the number of swarm events per meter of plate motion (R = 0.30; see 
Figure 2.14d). Therefore, plate curvature seems to correlate with swarm activity 
independently of plate velocity. There is also a positive correlation between the number 
of background events in regular earthquakes and plate curvature (R = 0.54) (see Figure 
2.15), which is consistent with Nishikawa and Ide [2015]. However, there is a slight 
 56 
difference between the correlation of regular earthquakes and that of swarm activity. 
The ratio between the number of background events in swarms and the number of 
background events in regular earthquakes increases with plate curvature as shown in 
Figure 2.14h. Seismicity in regions with large curvature tends to be more swarm-like 
than regions with small curvature. In contrast, no correlation is observed between plate 
age and swarm activity (see Figure 2.14c, 2.14f, and 2.14i). We repeated our analysis 
using a sufficiently high 𝑀! (= 4.8) and confirmed that the correlations observed in 
Figure 2.14 still could be observed (see Figure 2.16) although some of the correlations 
become slightly week. When we used 𝑀! = 4.8, the number of events available for our 
analysis decreased by about half compared with the analysis with 𝑀! = 4.5. 
 
Essentially, the amount of swarm activity is proportional to plate velocity. However, the 
positive correlations shown in Figure 2.14d and 2.14g cannot be explained by this 
proportionality. If swarm activity is completely proportional to plate velocity, no 
correlation should be observed between the number of swarm events per meter of plate 
motion, swarm ratio, and plate velocity. Given that earthquake swarms are thought to be 
related to both fluids and heterogeneity on the plate interface [e.g., Matsuzawa et al., 
2004; Poli et al., 2017], plate velocity may be related to fluids and heterogeneity on the 
plate interface in a non-linear way. Bird et al. [2009] also found a non-linear 
relationship between plate velocity and seismicity. More earthquakes per unit plate 
motion occur in subduction zones with fast plate motion. They suggested a model called 
“velocity-dependent pore pressures”, in which fluid pressure on the plate interface 
increases with plate velocity in non-linear way, and this non-linear dependence of fluid 
pressure on plate velocity cause the non-linear relationship between plate velocity and 
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seismicity. It is possible that this non-linear relationship between plate velocity and 
fluid pressure on the plate interface also influences the intensity of swarm activitiy in 
subduction zones.  
 
Given that plate curvature is related to both hydration of the incoming plate prior to 
subduction and heterogeneity on the plate interface [e.g., Ranero et al., 2003; 
Shillington et al., 2015; Bletery et al., 2016], the observed positive correlation between 
plate curvature and swarm activity implies that earthquake swarms are more likely to 
occur in fluid-rich subduction zones with marked heterogeneity on the plate interface. 
This interpretation is consistent with the fact that many swarms occur in regions 
containing hydrated fractures related to slab bending and where plate locking is 
heterogeneous [Holtkamp and Brudzinski, 2014; Poli et al., 2017]. Furthermore, SSEs 
often trigger earthquake swarms in subduction zones and are known to occur in regions 
where fluids are abundant [e.g., Kodaira et al., 2004; Saffer and Tobin, 2011], which is 
consistent with the observed positive correlation between plate curvature and swarm 
activity. Therefore, it is possible that plate curvature is also related to SSE activity at 
seismogenic depths. In fact, fluid expelled from hydrated fractures related to slab 
bending could facilitate the decoupling of, and aseismic slip on, the plate interface [e.g., 
Moreno et al., 2014; Poli et al., 2017]. 
 
Plate age is considered to control the tectonic stress state and thermal structure of 
subduction zones [e.g., Peacock 1996; Nishikawa and Ide, 2014]. A very weak 
correlation between plate age and swarm activity therefore implies that the intensity of 
swarm activity is not sensitive to the tectonic stress state or thermal structure of the 
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subduction zone though stress heterogeneity can influence the intensity of swarm 
activity [Holtkamp and Brudzinski, 2014].  
 
The observed correlations appear to explain the global distribution of swarms at 
subduction zones reasonably well (Figure 2.10). For example, Vanuatu, Tonga, 
Kermadec, the Philippines, and South Sandwich, which are characterized by intense 
swarm activity, have large plate curvatures exceeding 1 × 10–3 km–1 (see Appendix 
A1.3). However, an explanation is still sought for the more localized along-strike 
variations in swarm activity, such as those seen between the Ibaraki-Oki region and the 
neighboring rupture area of the 2011 M 9 Tohoku earthquake (Figure 2.3a). The plate 
velocity and curvature at Ibaraki-Oki are 92.5 ± 0.4 mm/yr and 7.0 × 10–4 ± 0.6 × 10–4 
km–1, respectively, which are not significantly different from the values at Tohoku (91.8 
± 0.5 mm/yr and 5.3 × 10–4 ± 0.9 × 10–4 km–1). Therefore, these localized variations in 
swarm activity may be controlled by more local factors such as subduction of 
seamounts like those shown in Figure 2.3a [e.g., Mochizuki et al., 2008], rather than by 
large-scale tectonic properties. Fluid expelled from sediment entrained with subducted 
seamounts might facilitate earthquake swarms. 
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Figure 2.14 | Relationship between swarm activity and tectonic properties. (a)–(c) 
Relationship between the number of swarm events and plate velocity, plate curvature, 
and plate age, respectively. (d)–(f) Relationship between the number of swarm events 
per meter of plate motion and plate velocity, plate curvature, and plate age, respectively. 
(g)–(i) Relationship between swarm ratio and plate velocity, plate curvature, and plate 
age, respectively. 
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Figure 2.15 | Relationship between the number of background events in regular 
earthquakes and plate curvature.  
 
Figure 2.16 | Relationship between swarm activity and tectonic properties in the 
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analysis with Mc = 4.8. (a)–(c) Relationship between the number of swarm events and 
plate velocity, plate curvature, and plate age, respectively. (d)–(f) Relationship between 
the number of swarm events per meter of plate motion and plate velocity, plate 
curvature, and plate age, respectively. (g)–(i) Relationship between swarm ratio and 
plate velocity, plate curvature, and plate age, respectively. 
 
2.6. Conclusion 
We devised a new method for detecting earthquake swarms using the space–time ETAS 
model [Zhuang et al., 2002]. We detected 453 swarms in the ANSS earthquake catalog 
during the period 1995–2009 at subduction zones globally, which is about 6.7 times the 
number of swarms found in a previous catalog [Holtkamp and Brudzinski, 2011]. The 
foreshocks of some large earthquakes were also detected as earthquake swarms. Given 
their anomalously high seismicity rates, these foreshock sequences may have been 
triggered by SSEs preceding large interplate earthquakes. In addition, we found a 
positive correlation between the curvature of the incoming plate prior to subduction and 
swarm activity. Given that plate curvature is related to both the hydration of the 
incoming plate before subduction and heterogeneity on the plate interface [e.g., Ranero 
et al., 2003; Shillington et al., 2015; Bletery et al., 2016], the positive correlation 
between plate curvature and swarm activity implies that earthquake swarms are more 
likely to occur in subduction zones with abundant fluids and marked heterogeneity on 
the plate interface. SSEs are also known to occur in regions where fluids are abundant 
[Kodaira et al., 2004; Saffer and Tobin, 2011], meaning that this correlation is also 
consistent with the idea that SSEs trigger earthquake swarms in subduction zones. Our 
study reinforces the importance of fractures related to slab bending for seismicity in 
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subduction zones, and our earthquake swarm catalog may be useful for future global 
investigations of SSE activity. 
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3. Recurring slow slip events and earthquake nucleation in 
the source region of the M 7 Ibaraki-Oki earthquakes 
revealed by earthquake swarm and foreshock activity 
 
This chapter has not been published in any peer-reviewed journals.  
 
3.1. Summary 
Slow slip events (SSEs) on the plate interface are closely related with occurrences of 
earthquakes. SSEs often trigger earthquake swarms in subduction zones. Moreover, 
some SSEs, which were accompanied by intensive foreshocks, are known to have 
preceded large interplate earthquakes. Therefore, detecting and monitoring SSEs are 
important for assessing the imminence of future large earthquakes. However, there are 
also many SSEs that are not followed by large earthquakes, and it is unclear whether 
SSEs preceding large earthquakes can be differentiated from them. Here we use the 
epidemic-type aftershock-sequence (ETAS) model and the matched-filter technique to 
examine the space-time distributions of earthquake swarms and foreshocks in 
Ibaraki-Oki, Japan. We found that 19 swarm sequences repeatedly occur during 1982–
2008 at the same location as foreshock sequences preceding the 1982 and 2008 M 7 
Ibaraki-Oki earthquakes. Both the foreshock and swarm sequences contain repeating 
earthquakes and have anomalously high seismicity rates inexplicable by the ETAS 
model, suggesting recurrence of SSEs in the source region of the M 7 Ibaraki-Oki 
earthquakes. The foreshock sequences in 1982 and 2008 have a larger number of events 
inexplicable by the ETAS model than the swarm sequences. The fault slip of repeating 
earthquakes in the 2008 foreshock sequence is also larger than those of the swarm 
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sequences, and the slip rate abruptly increased 12 hours before the 2008 M 7 event. Our 
results imply that the SSEs that preceded the 1982 and 2008 M 7 Ibaraki-Oki 
earthquakes have larger seismic moments than the other SSEs that triggered the swarm 
sequences. These large SSEs might be related to the nucleation phase of the M 7 
Ibaraki-Oki earthquakes.  
 
3.2. Introduction 
Recent studies have shown that slow slip events (SSEs), which are episodic aseismic 
slips on faults, are related to large interplate earthquakes in subduction zones [e.g., 
Dragert et al., 2004; Radiguet et al., 2016]. In some subduction zones, SSEs preceding 
large interplate earthquakes were observed. For example, in Tohoku-Oki, Japan, 
measurements of ocean-bottom pressure gauges suggest that an SSE started one month 
before the 2011 Mw 9.0 Tohoku-Oki earthquake and triggered its foreshock sequence 
[Ito et al., 2013]. Migration of the foreshocks to the rupture initiation point of the 
mainshock was also observed [Ando and Imanishi, 2011; Kato et al., 2012], which was 
interpreted as propagation of aseismic slip. In northern Chile, GPS measurements and 
an analysis using repeating earthquakes revealed occurrence of an SSE about two weeks 
before the 2014 Mw 8.2 Iquique earthquake in its rupture area [Ruiz et al., 2014; Kato et 
al., 2016], and this SSE was interpreted as a nucleation phase, similar to those observed 
in laboratory experiments [e.g., Ohnaka, 1992] and numerical simulations [e.g., Tse and 
Rice, 1986; Dieterich, 1992; Shibazaki and Matsu’ura, 1992]. 
 
On the other hand, many SSEs occur without large earthquakes [Obara and Kato, 2016]. 
For example, in Boso-Oki, Japan, SSEs occur every 5 to 7 years [e.g., Ozawa et al., 
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2003; Hirose et al., 2012]. All these SSEs triggered earthquake swarms with medium 
magnitude (≈ M 4). However, large interplate earthquakes (≥ M 7) have never followed 
these SSEs. In the Nankai subduction zone, SSEs of Mw 6.6 have been repeated at about 
5 year interval since 1997 at the down-dip extension of a wide locked plate interface 
[Hirose et al., 1999; Yoshioka et al., 2015], where the Mw 8.3 Nankai earthquake 
ruptured in 1946. However, all these repeated SSE did not trigger rupture in the wide 
locked region so far.  
 
Then, one important question is whether we can differentiate SSEs preceding large 
earthquakes from the other SSEs. In recent years, earthquake cycle simulations using 
the rate-and-state dependent friction law [Dieterich, 1979] have suggested some 
difference in the behavior of SSEs before large earthquakes. For example, Matsuzawa et 
al. [2010] modeled short- and long-term SSEs in the seismic cycles of large interplate 
earthquakes, similar to the observations in the Nankai subduction zone. They suggested 
that the recurrence intervals of short- and long-term SSEs decrease in the later stages of 
interseismic periods, and that the final aseismic transients leading to the nucleation of 
large interplate earthquakes start not in the SSE region itself but between the locked 
region and the SSE region. Lapusta and Liu [2009] and Noda et al. [2013] found that 
SSEs spontaneously occur in a seismogenic patch as its locked region shrink due to 
plate loading and a creeping front propagates inward of the patch. When the locked 
region is sufficiently large, these spontaneous SSEs does not lead to an earthquake. 
However, when the creeping region in the seismogenic patch is larger than the critical 
nucleation size of the seismogenic patch [e.g., Rubin and Ampuero, 2005], one of the 
spontaneous SSEs grows and accelerates to the seismic slip rate, resulting in the rupture 
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of the entire patch. 
 
Nevertheless, there is little observational evidence for the differences in the behavior of 
SSEs suggested by numerical simulations. For example, in Guerreo, Mexico, SSEs in 
the deeper transition zone occur approximately every 4 years, and they last more than 
several months [Radiguet et al., 2012]. The 2014 SSE is supposed to have triggered the 
Mw	 7.3 Papanoa earthquake, which occurred about 80 days after the initiation of the 
SSE, due to increases in Coulomb failure stress [Radiguet et al., 2016]. However, the 
difference between the 2014 SSE and the other SSEs in Guerrero has not been clear. 
Neither shortening of recurrence intervals nor acceleration of a slip rate toward the 
occurrence time of the Papanoa earthquake has been reported. Thus, to verify or reject 
the hypothesis that there are differences between SSEs preceding large earthquakes and 
the others, much more case studies are required.  
 
Ibaraki-Oki in the Japan Trench is one of the ideal regions to test this hypothesis. In 
Ibaraki-Oki, M7-class events have been repeatedly observed every 20 to 30 years since 
1923 [e.g., Mochizuki, 2008; Matsumura, 2010] (Figure 3.1). Based on their aftershock 
and slip distribution, these earthquakes are considered to share the same rupture area on 
the plate interface [Earthquake Prediction Information Division, JMA, 2008]. In 
addition, Ibaraki-Oki is characterized by recurring earthquake swarm and foreshock 
activity as shown in Chapter 2 and previous studies [e.g., Maeda, 1996]. Earthquake 
swarms in 1999, 2002, and 2006 occurred at the same location as the foreshock 
sequences of the 1982 and 2008 M 7 Ibaraki-Oki earthquakes. Given that earthquake 
swarms and foreshocks in subduction zones are often triggered by SSEs [e.g., Ozawa et 
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al., 2003; Ruiz et al., 2014], Ibaraki-Oki may have experienced recurring SSEs. 
Furthermore, by examining differences between the swarms and foreshocks, it may be 
possible to differentiate SSEs preceding the M 7 events from the other SSEs.  
 
In Chapter 3, we further explore the possibility of recurrence of SSEs in Ibaraki-Oki by 
examining the space-time distribution of the earthquake swarms and foreshocks. We use 
the epidemic type aftershock sequence (ETAS) model [Ogata, 1988; Zhuang et al., 
2002], the matched filter technique [e.g., Shelly et al., 2007], and the repeating 
earthquake analysis [e.g., Nadeau and Johnson, 1998] to reveal a more detailed history 
of swarm activity, restore small events missing from the earthquake catalog, and 
estimate the amount of interplate fault slip. Finally, comparing the swarms with the 
foreshocks, we discuss the question whether we can differentiate SSEs preceding large 
earthquakes from the other SSEs in Ibaraki-Oki. 
 
Figure 3.1 | Study region in the Japan Trench. (a) Earthquakes with M ≥ 3 from the 
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JMA catalog during the period 1981–2008 are shown by small circles, colored 
according to their occurrence time. The large white circle is an example of a “detection 
circle” of radius 30 km, whose center is located at (36.2ºN, 141.9ºE) (See Section 3.3.1). 
Small white crosses indicate the centers of detection circles used in our analysis. The 
two stars are the hypocenters of the 1982 (red) and 2008 (blue) M 7 Ibaraki-Oki 
earthquakes, whose foreshocks are indicated by pentagons. We define foreshocks as 
earthquakes followed by large earthquakes that occur within 5 days. Green triangles are 
16 stations of Hi-net used in this study (see Section 3.3.2 and 3.3.3). The bathymetry 
data is based on Smith and Sandwell [1997]. (b) Space-time distribution of seismicity in 
(a).  
 
3.3. Methods 
3.3.1. Detection of earthquake swarms using the ETAS model 
Earthquake swarms do not obey Omori’s law and thus the ETAS model, which 
expresses the seismicity rate as the sum of a stationary background seismicity rate and a 
superposition of Omori’s law [e.g., Richter, 1958; Llenos et al., 2009]. This is because 
they are triggered by phenomena other than earthquake-to-earthquake triggering. In 
Chapter 2, we detected seismic sequences with higher seismicity rates than predicted by 
the ETAS model globally and classified them as earthquake swarms. In Chapter 3, we 
follow the methodology of Chapter 2 and detect earthquake swarms in the Japan Trench 
during the period 1981–2008. The period includes the 1982 and 2008 M7 Ibaraki-Oki 
earthquakes and is longer than that of Chapter 2.  
 
Figure 3.1a shows a study region in the Japan Trench, which is bordered by a trench 
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section that is about 500 km long and extends 200 km in the direction of relative plate 
motion. The location of the trench section and relative plate motion are based on the 
plate model PB2002 [Bird, 2003]. We then extracted earthquakes during the period 
1981–2008 from the Japan Meteorological Agency (JMA) catalog (Figure 3.1a and 
3.1b), which is much more complete than a global catalog used in Chapter 2. We 
estimated the complete magnitude 𝑀!  for this region using the MAXC method 
[Wiemer and Wyss, 2000; Woessner and Wiemer, 2005]. In this estimation, we used all 
events in the study region regardless of their locations. Therefore, the estimated 𝑀! 
should be regarded as a spatially averaged value. While the estimated 𝑀! is below M 3 
after January 1987, it was M 3.3 before January 1987. Nevertheless, we used M 3 or 
larger events for swarm detection, because it is known that the ETAS model can be used 
to detect anomalies in seismicity even if used events in the analysis is slightly smaller 
than the 𝑀! of the catalog [Ogata, 2005; Chapter 2].  
 
We estimated parameters of the space–time ETAS model [Zhuang et al., 2002] in the 
study region as in Chapter 2 (See Section 2.3.1 and (2.1) to (2.4)). Considering 
calculation time needed for the estimation of the parameters, we divided the period 
1981–2008 into 14 two-year periods (i.e., 1981–1982, 1983–1984, 1985–1986, and so 
on) and estimated the ETAS parameters. The seismicity in the year preceding each of 
these periods was also used to calculate the increase in seismicity rate caused by events 
that occurred before each of these periods. 
 
We then calculated the number of events expected by the ETAS model in circles of 30 
km radius in the study region (Figure 3.1a, Figure 3.2a, and Figure 3.2b). The centers of 
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the circles are distributed at intervals less than 15 km along strike and dip of the plate 
interface (Figure 3.1a). We call these circles “detection circles”. In the same way as 
(2.8), the number of events expected by the ETAS model 𝛬 𝑡  in a detection circle 𝐶 
from time 0 to 𝑡 can be calculated as 𝛬 𝑡 = 𝜆 𝑡’, 𝑥,𝑦 𝑑𝑥𝑑𝑦𝑑𝑡’ !!! (3.1). 
We executed this integration numerically in each detection circle. We can then 
transform the occurrence time 𝑡!  of event 𝑖  in the detection circle 𝐶  into a 
transformed time 𝜏! ≡  𝛬 𝑡!  [Ogata, 1988]. If the seismicity in the detection circle 𝐶 
is well described by the ETAS model, the transformed time 𝜏! will follow a standard 
Poisson process, and a plot of the cumulative number of observed events against 
transformed time (i.e., the number of events predicted by the ETAS model) will be 
linear with a slope of unity. Slopes greater than unity mean that the observed seismicity 
rate is greater than that expected by the ETAS model (Figure 3.2b).  
 
Using (3.1), the number of events expected by the ETAS model between two successive 
events (event 𝑖 and 𝑖 + 1) in the detection circle 𝐶 is calculated as 𝜏!!! − 𝜏! = 𝜆 𝑡, 𝑥,𝑦 𝑑𝑥𝑑𝑦𝑑𝑡 !!!!!!!  (3.2). 
In the same way as (2.10), the standard deviation of the number of events between 𝜏! 
and 𝜏!!! in the detection circle 𝐶 will be  𝜎 = 𝜏!!! − 𝜏! (3.3). 
We classify a seismic sequence as “potential earthquake swarm” when the condition 𝜏!!! − 𝜏! + 1.5𝜎 < 1 continuously holds true four times or more. In other words, the 
expected number of events between two successive events 𝜏!!! − 𝜏!  (3.2) in each 
detection circle should not exceed unity, even when considering the 1.5𝜎 error (3.3), 
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for at least four successive events. Using this criterion, we can detect seismic sequences 
with higher seismicity rates than predicted by the ETAS model and require at least five 
events in a swarm sequence (Figure 3.2a and 3.2b). To suppress false positive swarm 
detections, we used the stricter criterion (1.5𝜎 error) than Chapter 2, where we used 1𝜎 
error. The probability that five events obeying the ETAS model have such a high 
seismicity rate is 2.39 × 10–3. Furthermore, we require that the probability that the first 
event of each potential earthquake swarm is a background event is 0.5 or larger to 
exclude aftershocks from our swarm detection. The probability that an event at 𝑥!, 𝑦!, 
and time 𝑡! is a background event is given by (2.6). 
 
After applying the above detection criterions to seismicity in all detection circles, we 
grouped any potential earthquake swarms that have common events into a single cluster. 
Finally, we identified clusters for which the magnitude difference between the largest 
(M1) and second largest event (M2) is less than unity because typical 
mainshock-aftershock sequences follow Båth’s law (𝑀! −𝑀! ≥ 1) [Båth, 1965], and 
defined them as earthquake swarms. The detail of characteristics and limitations of this 
method was discussed in Chapter 2. 
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Figure 3.2 | Calculation of transformed time and detected swarms in the Japan 
Trench. (a) Magnitude versus time diagram in a detection circle in Boso-Oki, which 
includes the 2002 Boso-Oki swarm triggered by the 2002 Boso SSE [e.g., Hirose et al., 
2012]. Earthquake swarms detected by our analysis are shown as red circles; blue 
circles denote non-swarm events. (b) Calculated transformed time of the 2002 Boso-Oki 
swarm. The swarm sequence has a slope much larger than unity while non-swarm 
events have a slope of close to unity. (c) Hypocenters of swarms detected by our 
analysis (See Section 3.4.1). The hypocenters are shown as small circles and colored 
according to their occurrence time. Red and blue stars indicate the hypocenters of the 
1982 and 2008 M7 Ibaraki-Oki earthquakes respectively. The large white circle is the 
Ibaraki-Oki detection circle (See Section 3.3.2). (d) Swarm ratios calculated for each 
detection circle. Small circles indicate the center of each detection circle and are colored 
according to the computed swarm ratio. 
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3.3.2. Matched filter technique  
During intensive earthquake swarms, some of small earthquakes can be missed out from 
the catalog. To restore missing small events, we applied the matched filter technique 
[e.g., Shelly et al., 2007; Peng and Zhao, 2009; Kato et al., 2013] to detected swarm 
sequences and the foreshock-aftershock sequence of the 2008 Ibaraki-Oki earthquake. 
Here we define foreshocks as earthquakes followed by large earthquakes that occur 
within 5 days. In this study, we basically followed the methodology of Kato et al. 
[2013]. 
 
We focused on swarm sequences whose centroid is located close to the foreshock 
sequences of the 1982 and 2008 Ibaraki-Oki earthquakes, i.e., inside a detection circle 
of radius 30 km centered at (36.2ºN, 141.9ºE) (See Figure 3.1a). Hereafter we call this 
detection circle “the Ibaraki-Oki detection circle”. We used the continuous 
three-component velocity seismograms recorded at 16 stations of Hi-net in and around 
Ibaraki prefecture since 2004 (See Figure 3.1a). Hi-net is a high-sensitivity seismogram 
network operated by the National Research Institute for Earthquake Science and 
Disaster Resilience (NIED) of Japan.  
 
We decimated the seismograms from 100 Hz to 50 Hz and applied a 4–12Hz 
Butterworth filter to them. We used this frequency band to suppress noise excited by 
low frequency waves of larger events. We used events in each swarm sequence and 123 
foreshocks and 440 aftershocks of the 2008 Ibaraki-Oki earthquake as template events 
regardless of their magnitude. Each template event has a 10 s time window starting 5 s 
before the S-wave arrival time, which was calculated using the JMA2001 velocity 
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structure model [Ueno et al., 2002]. We calculated correlation coefficients between each 
template event and continuous seismograms as the time window is shifted with 
increments of 0.02 s. We decimated the time series of the correlation coefficients from 
50 Hz and 5 Hz to downsize the data, keeping the maximum value of each 0.2 s. By this 
procedure, we accepted the uncertainty of 0.2 s in the S-wave arrival time of detected 
events and thus allow the hypocenter of detected events to be about 0.8 km (the S-wave 
velocity multiplied by 0.2 s) away from that of the template. Then the correlation 
coefficients were averaged over 3 components and 16 stations.  
 
We calculated the normalized median absolute deviation of the averaged correlation 
coefficients for each template event and each day. We used 17-fold normalized median 
absolute deviation as a detection threshold. We decided this sufficiently high threshold 
visually to suppress false positive detections. We removed duplicate positive detections 
by keeping the highest correlation coefficient in each 10 s. Because the waveforms of 
template events and detected events are similar at multiple stations, their hypocenters 
are expected to be close. Therefore, the location of the template event is assigned to 
each detected event. We estimated the magnitude of each detected event by comparing 
the maximum amplitude of waveforms of the template event and the detected event at 
the station with the highest correlation coefficient. We assumed that a 10-fold increase 
in the maximum amplitude corresponds to one-unit increase in magnitude [Peng and 
Zhao, 2009; Kato et al., 2013].  
 
3.3.3. Repeating earthquake analysis 
Repeating earthquakes are earthquakes with almost identical waveforms and considered 
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to be repetitive ruptures of the same area on the plate interface [e.g., Ellsworth, 1995; 
Uchida et al., 2007]. They can be used as a creep meter on the plate interface, assuming 
that the cumulative slip of repeating earthquakes corresponds to the cumulative aseismic 
slip in the surrounding region [e.g., Nadeau and McEvilly, 1999; Uchida et al., 2009]. 
In this section, we detected repeating earthquakes during the time periods of the swarm 
sequences and the foreshock-aftershock sequence of the 2008 Ibaraki-Oki earthquake 
based on waveform similarity [e.g., Igarashi et al., 2003; Igarashi et al., 2010] and 
estimated the amount of fault slip using the scaling relationship between seismic 
moment of repeating earthquakes and fault slip [Nadeau and Johnson, 1998].  
 
We extracted M 2 or larger events from the catalog modified by the matched filter 
technique (see Section 3.3.2). The time window of the waveforms is from the P-wave 
arrival to 3 s after the S-wave arrival. We calculated cross-correlation coefficients of 
each earthquake pair using 1–4 Hz, 2–8 Hz, and 4–16 Hz band-pass filtered waveforms. 
Depending on the magnitude of each event, we selected a frequency band that roughly 
corresponds to the corner frequency of the event, i.e. 1–4 Hz for M 3 or larger, 2–8 Hz 
for M 2.5 or larger, and 4–16 Hz for M 2 or larger, assuming a 3 MPa constant stress 
drop. We classified earthquake pairs whose component-averaged cross-correlation 
coefficients are larger than 0.95 at two or more stations and whose differences in 
magnitude are 0.5 or less as repeating earthquakes. This criterion confirms that the 
earthquake pair occurred at the same location and has similar size. There are also 
repeating earthquakes that occurred neither in the time periods of the swarm sequences 
nor the foreshock-aftershock sequence of the 2008 Ibaraki-Oki earthquake. For such 
repeating earthquakes, we used a long-term repeating earthquake catalog in the Japan 
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Trench created by Uchida and Matsuzawa [2013] and Uchida et al. [2016]. We used 98 
repeating earthquake sequences that occurred in the Ibaraki-Oki detection circle 
recorded in the repeating earthquake catalog. 
 
We estimated the amount of fault slip using the scaling relationship between seismic 
moment 𝑀! (dyn cm) of repeating earthquakes and fault slip 𝑑 (cm) [Nadeau and 
Johnson, 1998].  log(𝑑)  =  −2.36 +  0.17log(𝑀!) (3.4) 
This relationship was obtained in the Parkfield segment of the San Andreas Fault, and 
Igarashi et al. [2003] confirmed that this scaling relationship also holds true for 
repeating earthquakes in Kamaishi-Oki and Miyagi-Oki, the Japan Trench. The seismic 
moment was calculated using the relationship between seismic moment and magnitude 
[Hanks and Kanamori, 1979]. Then, the estimated fault slips are averaged over all 
repeating earthquake sequences that occurred in the Ibaraki-Oki detection circle. These 
are 98 repeating earthquake sequences in the long-term repeating earthquake catalog 
[Uchida and Matsuzawa, 2013; Uchida et al., 2016] and 17 sequences newly detected 
by our analysis (See Section 3.4.2). 
 
3.4. Results 
3.4.1. Earthquake swarms in the Japan Trench 
We detected 94 earthquake swarm sequences from 1981 to 2008 in the Japan Trench 
(Figure 3.2c), using a code of the space-time ETAS model written by Zhuang et al. 
[2002]. During the time period 1999–2000, the estimation of ETAS parameters did not 
converge, probably because of a known problem of the code in case that the number of 
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events has an increasing trend of the seismicity rate. Among the seven ETAS 
parameters, 𝐴 and 𝛼 are the most important for our swarm detection because they 
determine the expected number of aftershocks of each earthquake. These two 
parameters have a strong trade-off (Figure 3.3). The estimated values of 𝐴 and 𝛼 
averaged over the 14 two-year time periods are 0.15 ± 0.09 and 1.3 ± 0.2, which means 
that the expected numbers of aftershocks of M 3, M 5, and M 7 events are 0.15, 2.0, and 
27 events respectively. It also should be noted that the estimation of the parameter 𝛾, 
which determines how the characteristic length of the probability density of aftershock 
locations scales with magnitude (2.4), is rather unstable. In some of the 14 two-year 
time periods, the parameter 𝛾  is estimated to be zero, which means that the 
characteristic length of the probability density of aftershock locations does not scale 
with magnitude. Event location errors in the earthquake catalog and a lack of large 
earthquakes (M ≳ 7) in some of the 14 two-year time periods might cause the 
estimation of 𝛾  to be unstable. However, this unstable estimation of 𝛾  does not 
strongly affect our swarm detection because influences of 𝛾 on the calculation of 
transformed time in detection circles are small (see Appendix A2.1).  
 
In Boso-Oki, five swarm sequences, which are thought to be related to SSEs, have been 
detected during the period 1981–2008 [Hirose et al., 2012]. We successfully detected 
the 1983, 1990, and 2002 swarms (Figure 3.2a and 3.2b). On the other hand, our 
analysis failed to detect the 1996 and 2007 swarm sequences. This is because the 1996 
swarm have only three M3 or larger events, which is fewer than our minimum 
requirement (five events in a swarm sequence), and because the 2007 swarm did not 
satisfy the requirement that the magnitude difference between the largest (M1) and 
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second largest event (M2) is less than unity. In addition, we detected one new swarm 
sequence in February 1994, which was shown in the magnitude versus time diagram of 
Boso-Oki without identification as a swarm in Hirose et al. [2012]. These results show 
that our analysis could detect the known and unknown earthquake swarms in the Japan 
Trench and support effectiveness of the swarm detection method of Chapter 2.  
 
Figure 3.2d shows the ratio between the number of background events in detected 
swarms and the number of all background events in each detection circle. We call this 
ratio the “swarm ratio”. In addition to Boso-Oki, Ibaraki-Oki also shows very high 
swarm activity, which is consistent with Chapter 2 (See Figure 2.3b). At the Ibaraki-Oki 
detection circle, the swarm ratio is about 7 %. 19 swarm sequences occurred in the 
Ibaraki-Oki detection circle and are located close to the 1982 and 2008 foreshock 
sequences. Zoom-up figures of Ibaraki-Oki (Figure 3.4) show that hypocenters of the 
foreshock and swarm sequences well overlap. Both of the foreshock and swarm 
sequences are in the source region of the 1982 Ibaraki-Oki earthquake [Mochizuki et al., 
2008]. The foreshock and swarm sequences are located to the north of a subducted 
seamount. Both the foreshock and swarm sequences include thrust events and are 
considered to have occurred on the plate interface.  
 
In Figure 3.5, we showed the magnitude versus time diagram for the foreshock and 
swarm sequences. Here we use Japanese Standard Time (JST). While the average 
interval between the foreshock and swarm sequences is about 1.1 years, each interval 
varies from less than two months (e.g., March 15th to May 4th, 2008) to more than two 
years (e.g., May 15th, 1986 to January 6th, 1989). The occurrence time, duration, the 
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number of events (≥ M 3), and the largest event of each sequence are summarized in 
Table 3.1. Duration of each sequence ranges from 1 day to 30 days. The number of 
events (≥ M 3) in each sequence varies from 5 events to 37 events. The largest event in 
each sequence also has a large variation, i.e., the largest event in the foreshock sequence 
in 2008 is M 6.4, while that of a swarm sequence in December 1991 is M 3.4.  
 
 
Figure 3.3 | Trade-off between the parameter 𝑨 and 𝜶. The estimated parameters 
for each two-year period are indicated by each point, which is colored according to its 
year.   
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Figure 3.4 | Example hypocenters of detected swarms in Ibaraki-Oki. (a) and (b) 
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show the foreshock sequences in 2008 (blue circles) and 1982 (red circles) (JMA 
catalog). Red and blue stars indicate the hypocenters of the 1982 and 2008 M 7 
Ibaraki-Oki earthquakes respectively. We showed the focal mechanisms of the 2008 
Ibaraki-Oki earthquake and its two largest foreshocks in (a). (c)–(h) show swarm 
sequences in March 2008 (green), May 2006 (purple), November 2004 (orange), March 
2004 (brown), June 2002 (pink), and May 1996 (magenta) respectively. The yellow 
shading and light blue shading denote the source area of the 1982 Ibaraki-Oki 
earthquake and a subducted seamount respectively. Both the source area and the 
location of the seamount are based on Mochizuki et al. [2008]. The dashed large circle 
is the Ibaraki-Oki detection circle. For earthquakes larger than M 4 in the swarm 
sequences, we showed their focal mechanisms determined by NIED. Because the focal 
mechanism data is available since 1997, we could not show focal mechanisms of the 
swarm sequence in May 1996 in (h).  
 
 
Figure 3.5 | Magnitude versus time diagram from 1981 to 2008 in the Ibaraki-Oki 
detection circle. Red and blue circles indicate the foreshock sequences in 1982 and 
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2008. Black and the other colored circles are swarm events. Grey circles denote 
non-swarm events. The grey shaded time period (1999–2000) is the time period when 
the calculation of ETAS parameters did not converge.  
 
Table 3.1 | Characteristics of the foreshock and swarm sequences  
Seismic sequence Occurrence time  
Duration  
(days) 
Number of  
events (≥ M 3) 
The largest event Anomalya Excess eventsb 
Repeater fault  
slip (cm)c 
Foreshock in 2008 May 4th, 2008 4 37 M 6.4 6𝜎 23.4 1.70 
Foreshock in 1982 July 23rd, 1982 3 32 M 5.5 9𝜎 24.9 N/A 
Swarm in March 2008 March 15th, 2008 8 9 M 4.4 5𝜎 6.4 0.45 
Swarm in May 2006 May 8th, 2006 12 5 M 3.5 3𝜎 3.2 1.38 
Swarm in March 2006 March 12th, 2006 4 9 M 5.1 3𝜎 5.4 N/A 
Swarm in Nov. 2004 Nov. 14th, 2004 3 8 M 4.7 4𝜎 4.7 0.21 
Swarm in March 2004 March 22nd, 2004 30 9 M 3.7 3𝜎 5.0 1.04 
Swarm in June 2002 June 30th, 2002 12 14 M 4.8 5𝜎 9.5 N/A 
Swarm in Jan. 1997 Jan. 22nd, 1997 4 5 M 3.7 6𝜎 3.6 N/A 
Swarm in May 1996 May 9th, 1996 7 20 M 4.9 9𝜎 16.0 N/A 
Swarm in Jan. 1995 Jan. 2nd, 1995 13 8 M 4.5 5𝜎 4.4 N/A 
Swarm in April 1994 April 5th, 1994 3 9 M 5.4 2𝜎 4.1 N/A 
Swarm in Dec. 1991 Dec. 19th, 1991 11 5 M 3.4 5𝜎 3.6 N/A 
Swarm in June 1991 June 9th, 1991 2 5 M 5.0 7𝜎 2.9 N/A 
Swarm in Jan. 1989 Jan. 6th, 1989 4 10 M 5.6 4𝜎 6.2 N/A 
Swarm in May 1986 May 15th, 1986 1 5 M 4.9 9𝜎 3.8 N/A 
Swarm in June 1985 June 22nd, 1985 9 5 M 4.4 3𝜎 2.5 N/A 
Swarm in March 1985 March 25th, 1985 18 12 M 4.5 6𝜎 6.9 N/A 
Swarm in Sep. 1983 Sep. 9th, 1983 1 5 M 4.5 5𝜎 3.6 N/A 
Swarm in July 1983 July 15th, 1983 6 7 M 4.7 3𝜎 4.6 N/A 
Swarm in Sep. 1982 Sep. 18th, 1982 5 7 M 4.8 3𝜎 3.1 N/A 
a Anomaly is degree of anomaly in the ETAS model (See Section 3.4.2). 
b Excess events are differences between the number of observed events (≥ M 3) in the Ibaraki-Oki detection circle and 
 83 
the number of events predicted by the ETAS model since the first M 3 or larger event of each sequence (See Section 
3.4.2). 
c Repeater fault slip is fault slip of repeating earthquakes estimated in Section 3.4.2.  
 
3.4.2. Space-time distribution of the foreshock and swarm sequences in 
Ibaraki-Oki 
We applied the matched filter technique (see Section 3.3.2) to the foreshock sequence in 
2008 and four swarm sequences (March 2004, November 2004, May 2006, and March 
2008), which occurred during the period 2004–2008 and whose hypocenters well 
overlap those of the foreshock sequences in 1982 and 2008 (see Figure 3.4). We 
excluded a swarm sequence in March 2006 (see Figures 3.5 and 3.6) from our analysis 
because its hypocenters do not overlap those of the foreshock sequences. We then 
detected repeating earthquakes and estimated the amount of fault slip, which was 
averaged over all repeating earthquake sequences that occurred in the Ibaraki-Oki 
detection circle, i.e., 98 repeating earthquake sequences in the long-term repeating 
earthquake catalog [Uchida and Matsuzawa, 2013; Uchida et al., 2016] and 17 
sequences newly detected by our analysis (see Section 3.3.3).  
 
In this section, we show space-time distribution of the foreshock sequence in 2008 and 
the swarm sequences in May 2006 and March 2004. Space-time distribution of the 
swarm sequences in March 2008 and November 2004 is shown in Appendices A2.2 and 
A2.3. 
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Figure 3.6 | Hypocenters of a swarm sequence in March 2006. Black circles indicate 
swarms (JMA catalog). Red and blue stars indicate the hypocenters of the 1982 and 
2008 M 7 Ibaraki-Oki earthquakes respectively. The yellow shading and light blue 
shading denote the source area of the 1982 Ibaraki-Oki earthquake and a subducted 
seamount respectively. The dashed large circle is the Ibaraki-Oki detection circle. For 
earthquakes larger than M 4 in the swarm sequences, we showed their focal mechanisms 
determined by NIED. 
 
3.4.2.1. Foreshock sequence of the 2008 Ibaraki-Oki earthquake 
The foreshock sequence of the 2008 Ibaraki-Oki earthquake, which occurred on May 8th, 
2008, started to the east of the hypocenter of the mainshock on May 4th (Figures 3.7a 
and 3.7b). The matched filter technique detected 1059 events from May 4th to 9th, which 
is 1.9 times of the JMA catalog (564 events). Repeating earthquakes were found in the 
foreshock sequence, suggesting occurrence of aseismic slip in their surrounding region. 
Quiescence of the foreshock activity can be seen about one day before the mainshock. 
The foreshock activity started again 12 hours before the mainshock and its hypocenters 
expanded in the east-west direction (Figure 3.7a). Aftershocks continued to expand in 
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the east direction with the speed of 20 km/day, which presumably reflects an afterslip 
[e.g., Peng and Zhao, 2009]. This migration also can be seen even if we see only events 
recorded in the JMA catalog. About one hour before the mainshock, the two largest 
foreshocks (M 6.4 and M 6.3) occurred to the east of the mainshock. 
 
The comparison of the number of observed events (≥ M 3) in the Ibaraki-Oki detection 
circle (37 events) with the number of events predicted by the ETAS model since the 
first M 3 or larger foreshock event (13.6 events) shows an anomaly larger than 6𝜎 
(Figure 3.7c), i.e. the probability that we observe such a high seismicity rate is less than 
1.2 ×  10-7. This suggests that the foreshock sequence cannot be explained by 
earthquake-to-earthquake triggering.  
 
We investigated the temporal changes in the difference between the number of observed 
events (≥ M 3) in the Ibaraki-Oki detection circle and the number of events predicted by 
the ETAS model and in fault slip of repeating earthquakes (Figure 3.7d and 3.7e). 
Hereafter we call the difference between the number of observed events (≥ M 3) and the 
number of events predicted by the ETAS model “the number of excess events”. Both 
temporal changes show a large increase (21.2 events and 1.04 cm) 12 hours before the 
2008 Ibaraki-Oki earthquake. Average slip rate for the 12 hours preceding the 
mainshock is 2.1 cm/day, which is comparable to the maximum slip rate of an SSE in 
Boso-Oki (1.2 cm/day) estimated by Fukuda et al. [2014]. 
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Figure 3.7 | Space-time distribution, excess events, fault slip of the foreshock 
sequence in 2008. (a) and (b) show time-longitude and latitude-time distributions of the 
foreshock sequence in 2008. Blue circles are foreshocks. Black circles are aftershocks. 
The large star indicates the 2008 Ibaraki-Oki earthquake. Small stars are repeating 
earthquakes, colored according to the manner of their repetition, i.e., yellow ones are 
repeating earthquakes that repeat within this foreshock-aftershock sequence, green ones 
are those whose similar events occurred in the other swarm sequences, and red ones are 
those whose similar events occurred neither in the foreshock-aftershock nor swarm 
sequences. (c) Transformed time of the foreshock sequence in 2008. The transformed 
time was calculated since the first M 3 or larger foreshock event. (d) and (e) show 
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temporal changes in the number of excess events and estimated fault slip of repeating 
earthquakes. Solid blue lines show the temporal changes before the mainshock. 
 
3.4.2.2. Swarm sequence in May 2006 
The swarm sequence in May 2006 started on May 8th and continued for 12 days 
(Figures 3.8a and 3.8b). The matched filter technique detected 149 events, which is 2.1 
times of the JMA catalog (71 events). As in the foreshock sequence in 2008, repeating 
earthquakes were found in this swarm sequence. Furthermore, hypocenters of this 
swarm sequence expanded in the east and south direction from May 8th to May 10th 
(Figures 3.8a and 3.8b). This migration also can be seen even if we see only events 
recorded in the JMA catalog though events newly detected by the matched filter 
technique make the migration a little clearer. Its migration speed is about 10 km/day, 
which is comparable to migration speed of SSEs (~ 10 km/day) [Dragert et al., 2004; 
Fukuda et al., 2014]. Migration of hypocenters with similar speed was also observed in 
the swarm sequence in May 1996 (see Appendix A2.4).  
 
The comparison of the number of observed events (≥ M 3) in the Ibaraki-Oki detection 
circle (4 events) with the number of events predicted by the ETAS model since the first 
M 3 or larger swarm event (0.8 event) shows an anomaly larger than 3𝜎 (Figure 3.8c), 
i.e., the probability that we observe such a high seismicity rate is less than 9.1 × 10-3. 
Both the temporal changes in the number of excess events and fault slip of repeating 
earthquakes (Figure 3.8d and 3.8e) show a gradual increase and are similar to each 
other.  
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Figure 3.8 | Space-time distribution, excess events, fault slip of the swarm sequence 
in May 2006. (a) and (b) show time-longitude and latitude-time distributions of the 
swarm sequence in 2006. Purple circles are swarms. Small stars are repeating 
earthquakes, colored according to the same manner as Figure 3.7a (c) Transformed time 
of this swarm sequence. The transformed time was calculated since the first M 3 or 
larger swarm event. (d) and (e) show temporal changes in the number of excess events 
and estimated fault slip of repeating earthquakes.  
 
3.4.2.3. Swarm sequence in March 2004 
The swarm sequence in March 2004 started on March 22nd and continued for 30 days 
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(Figures 3.9a and 3.9b). The matched filter technique detected 220 events, which is 2.4 
times of the JMA catalog (91 events). Repeating earthquakes were found in this swarm 
sequence too. On the other hand, migration of the hypocenters was not clear. 
 
The comparison of the number of observed events (≥ M 3) (7 events) in the Ibaraki-Oki 
detection circle with the number of events predicted by the ETAS model (2.0 event) 
shows an anomaly larger than 3𝜎 (Figure 3.9c), i.e. the probability that we observe 
such a high seismicity rate is less than 4.4 × 10-3. Figure 3.9d and 3.9e show the 
temporal changes in the number of excess events and fault slip of repeating earthquakes. 
The number of excess events started to increase 8 days after the initiation of this swarm 
sequence while the amount of fault slip of repeating earthquakes started to increase 13 
days after the initiation.  
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Figure 3.9 | Space-time distribution, excess events, fault slip of the swarm sequence 
in March 2004. (a) and (b) show time-longitude and latitude-time distributions of the 
swarm sequence in March 2004. Brown circles are swarms. Small stars are repeating 
earthquakes, colored according to the same manner as Figure 3.7a (c) Transformed time 
of this swarm sequence. The transformed time was calculated since the first M 3 or 
larger swarm event. (d) and (e) show temporal changes in the number of excess events 
and estimated fault slip of repeating earthquakes. 
 
3.4.3. Time history of cumulative fault slip and occurrence time of swarms   
In this section, we estimated cumulative fault slip of repeating earthquakes from 2000 to 
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2008 in the Ibaraki-Oki detection circle using the long-term repeating earthquake 
catalog in the Japan Trench [Uchida and Matsuzawa 2013; Uchida et al., 2016]. We 
used 98 repeating earthquake sequences that occurred in the Ibaraki-Oki detection 
circle.  
 
In Figure 3.10, we found that average slip rate during 2000–2008 in this detection circle 
is 1.9 cm/year. Because the relative plate velocity here is 9.3 cm/year, this corresponds 
to about 80% locking, assuming that the cumulative slip of repeating earthquakes 
corresponds to the cumulative aseismic slip in the surrounding region [e.g., Nadeau and 
McEvilly, 1999; Uchida et al., 2009]. The slip deficit calculated from this locking 
degree during the period 1982–2008 is about 1.9 m. This is comparable to the maximum 
slip of the 2008 Ibaraki-Oki earthquake (1.7 m) [The Headquarters for Earthquake 
Research Promotion, 2008].  
 
In Figure 3.10, we also found that the occurrence time of the swarm and foreshock 
sequences well correspond with large step-like increases in cumulative fault slip of 
repeating earthquakes. This suggests that aseismic slip in the surrounding region of the 
repeating earthquakes was accelerated during the periods of the swarm and foreshock 
sequences. On the other hand, earthquake swarms and large step-like increases in 
cumulative fault slip do not always corresponds with each other. For example, an 
increase in cumulative slip during the period of the swarm sequence in November 2004 
is not large compared with other increases in non-swarm periods. Conversely, there are 
some large step-like increases with no corresponding swarm sequence. For example, a 
fault slip of 0.8 cm was observed from July 16th to August 17th, 2003. This slip was not 
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accompanied by swarm-like activity although 6 repeating earthquakes occurred over 
this time period. 
 
 
Figure 3.10 | Time history of cumulative fault slip from 2000 to 2008 in 
Ibaraki-Oki. A solid black line shows the time history of cumulative fault slip of 
repeating earthquakes before the 2008 Ibaraki-Oki earthquake (Uchida et al. 2016). A 
dashed black line shows the time history of cumulative fault slip after the 2008 
Ibaraki-Oki earthquake. Vertical lines indicate the occurrence time of the foreshock and 
swarm sequences. 
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3.4.4. Comparison between the foreshock and swarm sequences 
We then compare the foreshock and swarm sequences in terms of the degree of anomaly 
in the ETAS model, the number of excess events, and the amount of fault slip of 
repeating earthquakes (see Table 3.1 and Figure 3.11).  
 
The foreshock sequences in 1982 and 2008 show anomalies larger than 9𝜎 and 6𝜎 
respectively (see Table 3.1, Appendix A2.5, and Figure 3.7b). The probability that we 
observe as high a seismicity rate as the foreshock sequence in 1982 and 2008 is less 
than 6.9 × 10-12 and 1.2 × 10-7. Swarm sequences also show comparable anomalies. 
For example, the swarm sequences in 1996 and 2002 showed anomalies larger than 9𝜎 
and 5𝜎 respectively (see Table 3.1 and Appendices A2.4 and A2.6). The probability 
that we observe as high a seismicity rate as the swarm sequence in 1996 and 2002 is less 
than 6.0 × 10-10 and 1.5 × 10-5. Thus, both the foreshock and swarm sequences show 
extremely large anomalies, suggesting a background phenomenon other than 
earthquake-to-earthquake triggering.  
 
Figure 3.11a and 3.11b show temporal changes in the number of excess events for the 
foreshock sequences in 1982 and 2008 and six swarm sequences (four swarm sequences 
analyzed in Section 3.4.2 and two swarm sequences in 1996 and 2002). In Figure 3.11a, 
the foreshock sequences in 1982 and 2008 have the largest number of excess events 
(24.9 and 23.4 events). Among the swarm sequences, the swarm sequence in 1996 has 
the largest number of excess events (16.0 events) (see also Table 3.1), which is about 
0.7 times of that of the foreshock sequences in 1982 and 2008. The swarm sequence in 
2002 has the second largest number of excess events (9.5 events). It is also noteworthy 
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that an increase of the number of excess events in 12 hours preceding the 2008 
Ibaraki-Oki earthquake is remarkably large (21.2 events) compared with the other 
increases in any 12 hours of the swarm sequences. 
 
Figure 3.11c and 3.11d show temporal changes in estimated fault slip of repeating 
earthquakes during the periods of the foreshock in 2008 and four swarm sequences 
analyzed in Section 3.4.2. In Figure 3.11c, the foreshock sequence in 2008 has the 
largest fault slip (1.70 cm). Among the swarm sequences, the swarm sequence in 2006 
has the largest fault slip (1.38 cm), which is 0.8 times of that of the foreshock sequence. 
Similar to the number of excess events, an increase of fault slip in 12 hours preceding 
the 2008 Ibaraki-Oki earthquake is relatively large (1.04 cm) compared with the other 
increases in any 12 hours of the swarm sequences.  
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Figure 3.11 | Comparison between the foreshock and swarm sequences. (a) 
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Comparison of temporal changes in the number of excess events. (b) A zoom-up figure 
of (a). (c) Comparison of temporal changes in estimated fault slip of repeating 
earthquakes. (d) A zoom-up figure of (c).  
 
3.5. Discussion 
We found recurring foreshock and swarm sequences whose seismicity does not follow 
the ETAS model in Ibaraki-Oki (Figure 3.4 and 3.5), suggesting a background 
phenomenon other than earthquake-to-earthquake triggering. The swarm sequences in 
2006 and 1996 showed migration of hypocenters (Figure 3.8 and Appendix A2.4), at a 
speed of about 10 km/day. Furthermore, repeating earthquakes were found in both the 
foreshock and swarm sequences, and occurrence time of the swarm sequences 
corresponds with large step-like increases in the time history of cumulative fault slip of 
repeating earthquakes (Figure 3.10), suggesting episodic aseismic slips in surrounding 
areas of repeating earthquakes. All these observations are consistent with the hypothesis 
that SSEs recurrently occur in the source region of M 7 Ibaraki-Oki earthquakes. 
 
Although recurrence of SSEs is quite consistent with our observation, we cannot rule 
out other interpretations. Another possible mechanism that can trigger earthquake 
swarms is fluid migration [Waite and Smith, 2002]. Fluid reduces the strength of faults 
and can cause earthquake swarms. If there are recurrent fluid migrations in Ibaraki-Oki, 
it seems also possible that the fluid migrations recurrently reduce the strength of the 
same faults and trigger repeating earthquakes, although such triggering mechanism of 
repeating earthquakes have not been considered in previous studies.  
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In addition, fluid and occurrence of SSEs are closely related with each other. SSEs are 
also known to occur in regions where fluids are abundant [Kodaira et al., 2004; Saffer 
and Tobin, 2011; Saffer and Wallace, 2015]. Mochizuki et al. [2008] proposed the 
existence of fluid-rich sediment along the plate interface over the subducted seamount 
in Ibaraki-Oki, which is located just south to the foreshock and swarm sequences 
(Figure 3.4). Such fluid might facilitate occurrence of SSEs and earthquake swarms. 
Further research is needed to clarify the relationship among fluid, SSEs, and earthquake 
swarms in Ibaraki-Oki. 
 
Uchida et al. [2016] found 3-year periodic coincidences of clusters of medium 
earthquakes (≥ M 5) and increases in slip rate estimated from repeating earthquakes in 
Sanriku-Oki, which is the northernmost part of the Japan Trench. Their observation is 
similar to the coincidences of earthquake swarms (≥ M 3) and large step-like increases 
in fault slip of repeating earthquakes in Figure 3.10 although periodicity is not clear in 
our study. In addition, the time scales of the clusters of medium earthquakes (≥ M 5) in 
Sanriku-Oki (from months to years) and the earthquake swarms (≥ M 3) in Ibaraki-Oki 
(from a day to a month) are different. This implies that SSEs in the Japan Trench can 
have various time scales (from a day to years), which is similar to long-term (months or 
years) and short-term (days) SSEs in the Nankai subduction zone [Obara and Kato, 
2016].  
 
In Figure 3.11, the foreshock sequences in 1982 and 2008 showed the largest number of 
excess events (24.9 and 23.4 events, which is about 1.5 times of that of the swarm 
sequence in 1996). Similarly, the foreshock sequence in 2008 showed the largest fault 
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slip of repeating earthquakes (1.75 cm, which is 1.2 times of that of the swarm sequence 
in 2006). Given that background seismicity rates during time periods of SSEs are 
known to be roughly proportional to moment rates of the SSEs [Reverso et al., 2016], 
these results imply that SSEs that triggered the foreshock sequences in 1982 and 2008 
have larger seismic moments than the other SSEs that triggered the swarm sequences. In 
addition, the large increases in the number of excess events and the amount of fault slip 
12 hours before the 2008 Ibaraki-Oki earthquake imply a large moment rate of the SSE 
preceding the mainshock. Matsumura [2010] examined background micro-seismicity 
changes preceding the 1982 and 2008 Ibaraki-Oki earthquakes and found a similarity 
between them. They suggested the existence and repetition of a typical preparatory 
stage leading to the 1982 and 2008 Ibaraki-Oki earthquakes, which lasts several months. 
This idea is consistent with our interpretation that relatively large SSEs preceded both 
the 1982 and 2008 Ibaraki-Oki earthquakes although these SSEs are considered to have 
started not several months before but only a few days before the mainshocks (see 
Figures 3.7, 3.11, and Appendix A2.5). 
 
Our observations are similar to what was observed in earthquake cycle simulations [e.g., 
Lapusta and Liu, 2009; Noda et al., 2013]. In earthquake cycle simulations, many SSEs 
spontaneously occur in a seismogenic patch as its locked region shrink due to plate 
loading, and one of the spontaneous SSEs grows and accelerates, leading to nucleation 
of a large earthquake that ruptures the entire seismogenic patch. In our observations, the 
seismogenic patch corresponds to the source region of the 1982 and 2008 Ibaraki-Oki 
earthquakes, and the spontaneous SSEs in the earthquake cycle simulations correspond 
to SSEs that triggered the swarm sequences. Furthermore, large increases in the number 
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of excess events and the amount of fault slip 12 hours before the 2008 Ibaraki-Oki 
earthquake might reflect the final acceleration of the slip rate in the nucleation phase of 
the 2008 Ibaraki-Oki earthquake.  
 
Our results suggest that large SSEs preceded the 1982 and 2008 Ibaraki-Oki 
earthquakes and that these two SSEs can be differentiated from the other SSEs in terms 
of the number of excess events and the amount of fault slip of repeating earthquakes 
(Figure 3.11). However, this may not always hold true for large earthquakes in other 
regions. This is because how large earthquakes nucleate strongly depends on frictional 
properties in each region. In the above discussion, we only considered one large 
seismogenic patch and neglected small seismogenic patches inside it. If we have a small 
patch whose size is comparable to the critical nucleation size [e.g., Rubin and Ampuero, 
2005] of the large seismogenic patch, nucleation of the large event becomes much more 
complicated [Noda et al., 2013]. A large SSE preceding the large event, which is the 
nucleation phase of the large patch, sometimes can be skipped due to cascade-up 
process from the small patch to the large patch [Ellsworth and Beroza, 1995; Ide and 
Aochi, 2005; Ide and Aochi, 2013; Noda et al., 2013]. In this case, what we can observe 
just before the large event is small nucleation in the small patch, and it seems difficult 
to differentiate it from the other small SSEs.  
 
3.6. Conclusion 
We found recurring swarm and foreshock sequences in the source region of the 1982 
and 2008 M 7 Ibaraki-Oki earthquakes. These foreshock and swarm sequences have 
anomalously high seismicity rates inexplicable by the ETAS model [e.g., Ogata, 1988] 
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and contain repeating earthquakes [e.g., Ellsworth, 1995], strongly suggesting 
recurrence of SSEs in Ibaraki-Oki. Furthermore, the number of excess events and the 
amount of fault slip of repeating earthquakes suggest that SSEs preceding the 1982 and 
2008 Ibaraki-Oki have larger seismic moments than the other SSEs which triggered the 
swarm sequences, and that the moment rate of the SSE preceding the 2008 Ibaraki-Oki 
earthquake increased 12 hours before the mainshock, which can be interpreted as the 
nucleation phase of the 2008 Ibaraki-Oki earthquake. Our results imply that we can 
differentiate SSEs preceding large earthquakes from the other SSEs in Ibaraki-Oki in 
terms of the number of excess events and the amount of fault slip of repeating 
earthquakes, which probably reflect the seismic moments and moment rates of the SSEs. 
Therefore, monitoring excess events and fault slip of repeating earthquakes might be 
useful for assessing the imminence of future large earthquakes in Ibaraki-Oki. 
Furthermore, by finding regions similar to Ibaraki-Oki, where characteristic large 
earthquakes and SSEs recurrently occur, in other subduction zones, we can further test 
the hypothesis that there are differences between SSEs preceding large earthquakes and 
the other SSEs. This is crucially important for studies on earthquake predictability and 
seismic risk assessment. 
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4. Overall Discussion 
4.1. Structure of the seismogenic zone implied by our study 
In Chapter 2, we made a global earthquake swarm catalog and found that curvature of 
incoming plate before subduction positively correlates with swarm activity in 
subduction zones. This implies that earthquake swarms are more likely to occur in 
subduction zones with abundant fluids and marked heterogeneity on the plate interface 
[e.g., Uyeda, 1983; Ranero et al., 2003]. Given that earthquake swarms in subduction 
zones are often triggered by SSEs [e.g., Ozawa et al., 2003], SSE activity at 
seismogenic depths may also be high in such subduction zones. In Chapter 3, we 
reveled recurrence of SSEs in the source region of the 1982 and 2008 M 7 Ibaraki-Oki 
earthquakes. The SSEs preceding the M 7 events might have large seismic moments 
than the other SSEs.	Furthermore, the moment rate of the SSE preceding the 2008 
Ibaraki-Oki earthquake might have increased 12 hours before the mainshock, which can 
be interpreted as the nucleation phase of the 2008 Ibaraki-Oki earthquake.	
	
Then, what kind of structure of the seismogenic zone do Chapter 2 and Chapter 3 
imply? Figure 4.1 summarize schematic illustration of a typical subduction zone, i.e., 
geometry of plate interface, seismicity distribution, and slow slip activity. In subduction 
zones with large incoming plate curvature, fractures related to slab bending (horst and 
graben) are well developed. These fractures facilitate hydration of the incoming plate 
and make locking on the plate interface heterogeneous [e.g., Uyeda, 1983; Tanioka et 
al., 1997; Ranero et al., 2003]. In such subduction zones, SSEs accompanied by 
earthquake swarms occur at various locations of the seismogenic zone. This is 
consistent with previous studies that suggest the relation of SSEs to fluids and 
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heterogeneity on the plate interface [e.g., Kodaira et al., 2004; Saffer and Wallace, 
2015] (see also Section 4.3). Furthermore, results and insights in Chapter 3 suggest that 
SSEs can occur even inside locked regions of large earthquakes. This idea is also 
supported by recent observations of SSEs in the Japan Trench and northern Chile [e.g., 
Ito et al., 2013; Ruiz et al., 2014] (see also Section 4.4). 
 
	
Figure 4.1 | Schematic picture of the seismogenic zone. Crooked lines indicate 
fractures related to slab bending (horst and graben). These fractures facilitate hydration 
of the incoming plate and make locking on the plate interface heterogeneous. Orange 
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patches are locked zones, which are distributed according to the Gutenberg–Richter 
relationship (b = 1.0) [Gutenberg and Richter, 1944]. Blue patches are SSE zones. 
Small black circles indicate earthquake swarms. Small yellow stars are repeating 
earthquakes. 
 
4.2. Tectonic controls on seismicity in subduction zones 
On the other hand, seismicity in subduction zones is also influenced by factors not 
considered in Figure 4.1. Seismicity rates in subduction zones are basically proportional 
to relative plate velocity because plate velocity represents the strain rate on the plate 
interface, and thus determines the recurrence intervals of repeating events in subduction 
zones [Ide, 2013]. For example, the Tonga trench is known to have the highest 
background seismicity rate among subduction zones worldwide due to the highest 
relative plate velocity there (larger than 200 mm/yr) [Ide, 2013]. The b-value of 
earthquake magnitude–frequency distributions [Gutenberg and Richter, 1944], which is 
fixed in Figure 4.1 (b = 1.0), positively correlates with plate age of the incoming plate 
probably because plate age determines slab buoyancy and the tectonic stress state in 
subduction zones [Nishikawa and Ide, 2014]. For instance, Vanuatu and Mexico are 
known to be characterized by subducting plates younger than 30 Ma and low b-value (≲ 
0.9) [Nishikawa and Ide, 2014]. In contrast to Figure 4.1, some subduction zones, such 
as Cascadia, Nankai, and southern Chile, have little fracturing related to slab bending 
because of small curvature of the incoming plate [e.g., Nishikawa and Ide, 2015]. These 
subduction zones are characterized by smooth plate interface and dry slab [e.g., Uyeda 
1983; Canales et al., 2017] and associated with anomalously low background seismicity 
rate and characteristic megathrust earthquakes [Ide, 2013; Nishikawa and Ide, 2015]. 
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Summarizing these studies, seismicity in subduction zones, including earthquake swarm 
activity, is basically controlled by relative plate velocity, plate age, and plate curvature 
since these tectonic properties control the strain rate on the plate interface, tectonic 
stress state, roughness of the plate interface, and hydration of the incoming plate. 
Combinations of these tectonic properties seem to well explain variations in seismicity 
among subduction zones worldwide. 
	
In contrast, tectonic controls on variations in slow earthquake activity (i.e., SSEs, 
tectonic tremors, and VLFEs) among subduction zones are still unclear. This is an 
important problem that should be addressed in future studies. This study proposes that 
SSE activity at seismogenic depths might be high in subduction zones with large 
curvature of the incoming plate (see Figure 4.1). This hypothesis should be further 
tested by geodetic and seismic observations in the future.	
	
4.3. Relationship among SSEs, earthquake swarms, fluid, and 
heterogeneity on the plate interface	
SSEs, earthquake swarms, fluid, and heterogeneity on the plate interface are closely 
related with each other. Previous studies have suggested that both SSEs and earthquake 
swarms occur in fluid-rich regions with a compositionally and geometrically 
heterogeneous plate interface [e.g., Kodaira et al., 2004; Ando et al., 2012; Skarbek et 
al., 2012; Holtkamp and Brudzinski, 2014; Saffer and Wallace, 2015; Poli et al., 2017; 
Yabe and Ide, 2017]. For instance, Saffer and Wallace [2015] pointed out that shallow 
SSEs and earthquake swarms at the northern Hikurangi margin occur on the plate 
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interface characterized by elevated pore-fluid pressure and geometric complexity such 
as a subducted seamount. In Chapter 2, we also found that earthquake swarm activity is 
especially active in subduction zones with large curvature of the incoming plate, i.e., 
fluid-rich subduction zones with a rough (i.e., heterogeneous) plate interface (see Figure 
4.1). In Chapter 3, we found that earthquake swarms containing repeating earthquakes 
had recurrently occurred in the vicinity of a fluid-rich region associated with sediment 
entrained with a subducted seamount in Ibaraki-Oki (see Figure 3.4), and we suggested 
that recurrent SSEs had triggered the earthquake swarms there. Ibaraki-Oki is similar to 
the northern Hikurangi margin in terms of abundance of fluid and geometric complexity. 
Given these studies, fluid and heterogeneity on the plate interface can be proposed as 
necessary conditions for occurrence of both SSEs and earthquake swarms.  
 
Nevertheless, there is still one unclear point regarding what causes earthquake swarms. 
Considering previous studies [e.g., Waite and Smith, 2002], not only SSEs but also fluid 
migration seems to be able to trigger earthquake swarms in subduction zones because 
fluid reduces the strength of interplate faults. Additionally, not only fluid migration 
itself but also propagation of a pulse of high pore-fluid pressure along the plate interface 
[e.g., Rice, 1992; Frank et al., 2015] might be able to trigger earthquake swarms. Then, 
what percentage of earthquake swarms in subduction zones are directly triggered by 
SSEs? The close relationship between SSEs and fluid, which was mentioned above, 
makes it further difficult to differentiate swarms directly triggered by SSEs from those 
triggered by fluid migration. Furthermore, these two mechanisms may not be 
independent. In rock experiments, it is known that a fluid injection also can trigger an 
aseismic slip on a fault [Guglielmi et al., 2015]. Therefore, it is also possible that fluid 
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migration on the plate interface primarily triggers SSEs and then indirectly trigger 
earthquake swarms mediated by the SSEs. In addition, a complex interaction between 
fault slips and pore-fluid via dilatant strengthening and thermal pressurization also has 
been proposed as a candidate of the mechanism for SSEs [e.g., Suzuki and Yamashita, 
2009; Segall et al., 2010]. In order to answer the question above, it is important to 
further investigate the cause of each earthquake swarm through geodetic and seismic 
observations. 
 
4.4. SSEs and earthquake predictability 
Previous studies [e.g., Kato et al., 2012; Ito et al., 2013; Ruiz et al., 2014] and results in 
Chapter 3 suggested that SSEs can occur even inside locked regions of large 
earthquakes (see Figure 4.1). Furthermore, behaviors of SSEs preceding the large 
earthquakes may be different from the other SSEs as suggested by numerical 
simulations [e.g., Lapusta and Liu, 2009; Matsuzawa et al., 2010; Noda et al., 2013] and 
results in Chapter 3. It is crucial to accumulate such case studies for discussing 
earthquake predictability. It seems useful to detect and monitor aseismic slips inside 
locked regions on the plate interface through geodetic measurements and repeating 
earthquake analyses for assessing the imminence of future large earthquakes. 
 
On the other hand, Chapter 2 shows that only 6% of large earthquakes (M ≥ 6.5) in 
subduction zones were preceded by swarm-like foreshocks (M ≥ 4.5), which are 
potentially related to SSEs, and that 75% of large earthquakes were not preceded by any 
foreshocks (M ≥ 4.5). A global investigation of foreshock activity (M ≥ 4.0) by Marsan 
et al. [2014] also suggests that accelerating seismicity rates, possibly related to SSEs, 
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preceded only 18% of large earthquakes (M ≥ 6.5) during the period 1981–2013 in the 
ANSS catalog. Given these results, it is clear that there are many large earthquakes not 
preceded by detectable SSEs, and it seems impossible to predict such large earthquakes. 
These large earthquakes probably result from a cascade-up process from a small 
seismogenic patch to a large seismogenic patch [Ellsworth and Beroza, 1995; Ide and 
Aochi, 2005; Ide and Aochi, 2013; Noda et al., 2013]. In order to elucidate the 
mechanism of such large earthquakes, it is important to reveal the hierarchical structure 
of the seismogenic zone. In Kamaishi-Oki, the Japan Trench, the hierarchical structure 
inside a medium seismogenic patch (≈ M5) was actually revealed by Uchida et al. 
[2007] and Uchida et al. [2012]. Uchida et al. [2012] found that small patches (≲ M3) 
on the edge of the medium seismogenic patch are more frequently ruptured than small 
patches near the center of the medium patch and that ruptures of the small patches near 
the center of the medium patch is limited to the latter half of the earthquake cycles of 
the medium patch. Likewise, by revealing the hierarchical structure inside a large patch 
(M ≳ 6.5) in the future, we may be able to obtain some constraints on the patterns of 
large earthquake occurrence.  
 
In addition, it is also important to improve the accuracy of probabilistic forecasts of 
earthquakes by modifying statistical models such as the ETAS model [e.g., Ogata, 
1988]. Even though many SSEs occur without following large earthquakes, it is quite 
possible that the SSEs induce stress perturbation in the seismogenic zone and modulate 
background seismicity rate there [Liu et al., 2007; Uchida et al., 2016]. In Guerrero, 
Mexico, an SSE in the deeper extension of the seismogenic zone actually caused a 
long-term increase in the background seismicity rate, which lasted 6 months [Liu et al., 
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2007; Chapter 2]. Such influences of SSEs on the background seismicity rate should be 
taken into account in statistical models in order to improve the probabilistic forecasts. 
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5. Overall Conclusion 
In this study, we aimed to obtain implications for global SSE activity and the 
mechanism of large earthquake occurrence through detection of earthquake swarms at 
subduction zones globally and repeating earthquake analyses.	
	
In Chapter 2, we presented a method for detecting earthquake swarms using the 
space-time epidemic-type aftershock-sequence (ETAS) model [e.g., Zhuang et al., 
2002] and revealed swarm activity in subduction zones worldwide. In subduction zones, 
such as Ibaraki-Oki, Japan, we also detected foreshock sequences of large earthquakes 
as earthquake swarms. In these regions, the large earthquakes may have been preceded 
by SSEs. Furthermore, we found that the swarm activity in subduction zones is 
positively correlated with curvature of the incoming plate before subduction. This 
correlation implies that swarm activity is controlled by hydration of incoming plate 
and/or by heterogeneity on the plate interface due to fracturing related to slab bending. 
The global earthquake swarm catalog created by this study may be useful for future 
global investigations of SSE activity. The observed correlation between curvature of the 
incoming plate and swarm activity will be important for elucidating tectonic controls on 
SSE activity in the future. 
 
In Chapter 3, we revealed recurrence of SSEs in the source region of the 1982 and 2008 
M 7 Ibaraki-Oki earthquakes through detection of earthquake swarms and repeating 
earthquake analyses. The SSEs preceding the M 7 events might have larger seismic 
moments than the other SSEs that triggered the swarm sequences. Furthermore, the 
moment rate of the SSE preceding the 2008 Ibaraki-Oki earthquake might have 
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increased 12 hours before the mainshock, which can be interpreted as the nucleation 
phase of the 2008 Ibaraki-Oki earthquake. This study elucidated the relationship 
between the M 7 Ibaraki-Oki earthquakes and recurring SSEs in their source region. 
These results and insights will be important for studies on the mechanism of large 
earthquake occurrence and earthquake predictability.		
	
This study proposed a complex structure of the seismogenic zone in subduction zones. 
In subduction zones with large incoming plate curvature, fracturing related to slab 
bending facilitates hydration of the incoming plate and makes the plate interface rough 
(i.e., heterogeneous) [e.g., Uyeda, 1983; Ranero et al., 2003]. In such subduction zones, 
SSEs accompanied by earthquake swarms can occur at various locations of the 
seismogenic zone. Furthermore, SSEs can occur even inside locked regions of large 
earthquakes. Behaviors of these SSEs may change in the later stages of interseismic 
periods of the large earthquakes. It is necessary to further test these hypotheses 
proposed by this study through geodetic and seismic observations in the future.  
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Appendices  
A1. Appendices for Chapter 2 
A1.1. Estimated ETAS parameters for the 100 study regions 
We listed the estimated ETAS parameters for the 100 study regions in Table A1.1. Each 
region has three 5-year time periods, i.e., 1995–1999, 2000–2004, and 2005–2009. For 
time periods when the ETAS model did not converge, we noted “N/A”. 
 
Table A1.1 | Estimated ETAS parameters for the 100 study regions 
Region Lon. (deg) Lat. (deg) Period A c α p D q γ 
CENTRAL CHILE1 286.559 -34.4336 1995 1.45E-01 3.21E-02 1.70E+00 1.25E+00 1.48E-03 1.48E+00 1.06E+00 
   2000 1.16E-01 4.22E-01 1.59E+00 2.62E+00 2.61E-02 5.15E+00 0.00E+00 
   2005 8.19E-02 3.50E-02 2.46E+00 1.46E+00 2.11E-03 2.35E+00 1.43E+00 
CENTRAL CHILE2 287.176 -32.4042 1995 2.37E-01 4.25E-02 1.67E+00 1.15E+00 1.99E-02 2.55E+00 3.75E-01 
   2000 N/A N/A N/A N/A N/A N/A N/A 
   2005 1.54E-01 2.84E-02 1.63E+00 1.35E+00 6.60E-03 2.83E+00 1.15E+00 
CENTRAL CHILE3 287.528 -29.9344 1995 1.57E-01 4.80E-02 1.89E+00 1.14E+00 3.29E-02 2.98E+00 3.16E-01 
   2000 N/A N/A N/A N/A N/A N/A N/A 
   2005 6.54E-02 4.90E-02 1.87E+00 1.40E+00 4.24E-02 7.60E+00 1.19E+00 
CENTRAL CHILE4 287.882 -28.0499 1995 7.81E-03 6.49E-02 3.20E+00 1.30E+00 2.01E-02 2.05E+00 2.76E-01 
   2000 2.61E-02 1.90E-01 2.30E+00 1.62E+00 1.48E-02 1.49E+00 0.00E+00 
   2005 8.48E-02 1.20E-02 2.27E+00 1.24E+00 3.64E-03 1.99E+00 7.25E-01 
NORTH CHILE 288.42 -25.0107 1995 4.52E-01 6.03E-02 7.42E-01 1.47E+00 1.63E-02 1.90E+00 7.08E-01 
   2000 1.48E-01 6.68E-03 1.83E+00 1.16E+00 6.10E-03 1.75E+00 3.53E-01 
   2005 3.11E-01 1.36E-02 1.29E+00 1.22E+00 5.24E-03 2.06E+00 9.10E-01 
PERU1 287.115 -18.2901 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 4.51E-01 3.27E-02 1.25E+00 1.36E+00 2.82E-02 2.04E+00 4.45E-01 
   2005 N/A N/A N/A N/A N/A N/A N/A 
PERU2 285.683 -17.0443 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 3.43E-01 3.80E-02 1.40E+00 1.31E+00 8.00E-02 7.29E+00 1.40E+00 
   2005 5.88E-02 4.14E-03 3.17E+00 1.12E+00 1.68E-02 6.16E+00 2.23E+00 
PERU3 282.421 -13.9013 1995 1.59E-01 1.26E-01 1.58E+00 1.50E+00 6.05E-03 1.92E+00 8.22E-01 
   2000 N/A N/A N/A N/A N/A N/A N/A 
   2005 1.72E-01 5.98E-02 1.61E+00 1.30E+00 9.88E-03 2.11E+00 8.91E-01 
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COSTA RICA 275.382 8.68547 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 4.05E-02 9.02E-02 2.33E+00 1.47E+00 2.61E-02 3.31E+00 4.88E-01 
   2005 N/A N/A N/A N/A N/A N/A N/A 
NICARAGUA 271.442 11.5991 1995 2.68E-01 1.71E-02 1.14E+00 1.14E+00 2.48E-02 1.48E+00 0.00E+00 
   2000 2.66E-01 1.56E-02 1.58E+00 1.06E+00 2.26E-02 1.80E+00 1.71E-01 
   2005 1.13E-01 4.53E-03 1.43E+00 1.10E+00 7.37E-02 3.52E+00 0.00E+00 
GUATEMALA 267.145 13.6184 1995 1.46E-01 4.94E-02 1.33E+00 1.29E+00 2.92E-02 2.48E+00 0.00E+00 
   2000 9.25E-02 8.83E-02 1.70E+00 1.36E+00 1.38E-02 1.33E+00 0.00E+00 
   2005 9.81E-02 1.83E-02 8.80E-01 1.38E+00 2.84E-02 1.98E+00 5.51E-01 
MEXICO1 265.005 14.6887 1995 1.57E-01 5.47E-02 1.75E+00 1.32E+00 4.72E-02 2.84E+00 0.00E+00 
   2000 4.47E-01 6.27E-03 8.90E-01 1.05E+00 1.58E-02 1.23E+00 0.00E+00 
   2005 N/A N/A N/A N/A N/A N/A N/A 
MEXICO2 263.192 15.3519 1995 3.72E-01 6.26E-03 8.33E-01 1.15E+00 1.91E-01 6.38E+00 1.43E-01 
   2000 1.13E-01 1.60E-02 9.19E-01 1.55E+00 5.89E-02 4.99E+00 0.00E+00 
   2005 N/A N/A N/A N/A N/A N/A N/A 
MEXICO3 260.716 16.0733 1995 2.55E-01 7.98E-03 9.74E-01 1.20E+00 7.66E-02 4.36E+00 4.26E-01 
   2000 2.67E-01 3.00E-03 1.66E+00 1.04E+00 7.04E-02 3.88E+00 4.24E-01 
   2005 N/A N/A N/A N/A N/A N/A N/A 
MEXICO4 258.822 16.8079 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 2.11E-01 3.72E-03 2.00E+00 1.03E+00 9.05E-02 6.61E+00 9.96E-01 
   2005 3.50E-02 7.18E-02 2.54E+00 1.42E+00 4.93E-04 1.86E+00 2.44E+00 
ALEUTIAN1 197.227 53.2164 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 1.64E-01 1.05E-02 2.13E+00 1.03E+00 1.37E-02 4.18E+00 6.28E-01 
   2005 8.86E-02 7.96E-03 2.32E+00 1.15E+00 5.69E-04 1.73E+00 1.16E+00 
ALEUTIAN2 194.115 52.508 1995 2.51E-01 4.72E-02 1.10E+00 1.46E+00 3.70E-02 6.01E+00 3.33E-01 
   2000 1.95E-01 8.66E-04 1.63E+00 1.06E+00 5.13E-03 2.13E+00 2.71E-02 
   2005 1.69E-01 1.26E-02 1.79E+00 1.23E+00 8.59E-02 1.58E+01 7.59E-01 
ALEUTIAN3 190.618 51.6742 1995 1.77E-01 2.54E-02 1.35E+00 1.33E+00 7.95E-03 2.64E+00 3.92E-01 
   2000 N/A N/A N/A N/A N/A N/A N/A 
   2005 N/A N/A N/A N/A N/A N/A N/A 
ALEUTIAN4 187.124 51.0636 1995 2.33E-01 3.11E-02 1.42E+00 1.36E+00 3.82E-03 1.78E+00 5.16E-01 
   2000 2.40E-01 4.76E-04 1.42E+00 1.12E+00 1.12E-03 1.76E+00 5.43E-01 
   2005 N/A N/A N/A N/A N/A N/A N/A 
ALEUTIAN5 184.078 50.7055 1995 1.22E-01 4.43E-02 1.74E+00 1.32E+00 6.23E-02 1.80E+01 1.15E+00 
   2000 1.54E-01 9.78E-04 1.34E+00 1.15E+00 3.87E-03 3.46E+00 8.60E-01 
   2005 2.50E-01 7.10E-03 1.23E+00 1.27E+00 8.31E-03 3.04E+00 8.30E-01 
ALEUTIAN6 180.426 50.5859 1995 2.56E-01 1.44E-02 1.35E+00 1.25E+00 8.12E-03 1.92E+00 8.75E-02 
   2000 N/A N/A N/A N/A N/A N/A N/A 
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   2005 2.27E-01 9.14E-03 1.28E+00 1.35E+00 6.19E-03 2.92E+00 1.01E+00 
ALEUTIAN7 177.017 50.9262 1995 2.14E-01 1.51E-02 1.54E+00 1.34E+00 1.25E-02 3.17E+00 2.84E-01 
   2000 4.07E-01 9.67E-03 1.21E+00 1.23E+00 1.28E-03 1.55E+00 1.06E+00 
   2005 2.76E-01 7.95E-03 1.02E+00 1.27E+00 9.09E-03 3.18E+00 7.48E-01 
KAMCHATKA1 162.424 53.4079 1995 4.70E-01 3.10E-02 1.01E+00 1.46E+00 6.03E-03 1.91E+00 8.07E-01 
   2000 1.72E-01 8.34E-02 1.87E+00 1.55E+00 3.93E-03 2.15E+00 1.01E+00 
   2005 N/A N/A N/A N/A N/A N/A N/A 
KAMCHATKA2 160.759 51.7241 1995 5.23E-01 2.47E-02 6.59E-01 1.41E+00 7.10E-03 2.06E+00 4.57E-01 
   2000 1.23E-01 8.02E-02 2.16E+00 1.52E+00 9.72E-03 2.78E+00 8.16E-01 
   2005 1.89E-01 5.34E-03 1.09E+00 1.11E+00 1.41E-02 4.56E+00 3.90E+00 
KAMCHATKA3 158.42 49.7317 1995 1.29E-01 5.02E-01 1.56E+00 1.95E+00 1.43E-02 4.91E+00 1.26E+00 
   2000 5.32E-02 6.93E-03 2.07E+00 1.28E+00 2.94E-02 4.22E+00 0.00E+00 
   2005 1.16E-01 2.37E-01 1.85E-01 2.16E+00 1.98E-02 2.20E+00 0.00E+00 
KAMCHATKA4 156.384 48.1819 1995 3.70E-01 2.28E-03 9.78E-01 1.02E+00 2.10E-02 1.99E+00 0.00E+00 
   2000 7.47E-02 2.35E-01 2.19E+00 1.66E+00 6.07E-03 2.57E+00 8.24E-01 
   2005 4.23E-01 3.72E-02 1.71E+00 1.20E+00 4.39E-03 1.30E+00 5.17E-01 
KURILE1 154.018 46.4168 1995 2.82E-01 3.20E-03 1.39E+00 1.07E+00 1.53E-02 2.01E+00 0.00E+00 
   2000 9.12E-03 7.53E-01 4.59E+00 2.03E+00 4.83E-03 3.25E+00 1.76E+00 
   2005 3.39E-01 5.91E-02 1.68E+00 1.15E+00 4.24E-03 1.73E+00 9.74E-01 
KURILE2 151.849 45.0104 1995 2.63E-01 1.23E-02 1.39E+00 1.25E+00 5.04E-03 2.17E+00 9.33E-01 
   2000 4.44E-02 8.46E-02 2.59E+00 1.39E+00 2.69E-03 2.01E+00 1.41E+00 
   2005 5.03E-01 2.69E-02 1.62E+00 1.06E+00 1.54E-02 3.20E+00 7.90E-01 
KURILE3 149.189 43.6163 1995 1.93E-01 1.19E-02 1.64E+00 1.20E+00 3.13E-03 1.88E+00 9.60E-01 
   2000 9.68E-02 9.06E-03 1.78E+00 1.12E+00 2.11E-03 1.61E+00 1.00E+00 
   2005 1.88E-01 5.92E-03 8.07E-01 1.24E+00 4.97E-03 1.41E+00 0.00E+00 
HOKKAIDO 146.641 42.2508 1995 5.98E-02 8.49E-03 2.51E+00 1.17E+00 2.04E-03 1.23E+00 4.72E-01 
   2000 5.41E-01 1.34E-02 1.52E+00 1.03E+00 2.48E-03 1.70E+00 1.04E+00 
   2005 3.40E-02 1.49E-02 1.95E+00 1.32E+00 5.73E-03 1.82E+00 9.61E-01 
JAPAN TRENCH1 143.943 38.5956 1995 1.09E-01 1.44E-02 1.89E+00 1.13E+00 2.54E-03 1.58E+00 8.47E-01 
   2000 1.82E-01 2.90E-02 1.53E+00 1.16E+00 8.59E-02 1.53E+01 1.36E+00 
   2005 N/A N/A N/A N/A N/A N/A N/A 
JAPAN TRENCH2 143.004 36.4893 1995 1.04E-01 8.32E-03 8.44E-01 1.14E+00 2.59E-02 7.18E+00 1.74E+00 
   2000 2.16E-01 1.85E-02 1.01E+00 1.18E+00 2.73E-02 2.96E+00 7.54E-01 
   2005 2.20E-01 7.92E-03 1.24E+00 1.23E+00 1.05E-02 2.80E+00 9.18E-01 
IZU BONIN1 142.196 31.646 1995 6.14E-02 1.08E-02 2.88E+00 1.07E+00 2.07E-03 2.57E+00 1.21E+00 
   2000 4.01E-01 4.38E-03 1.86E+00 1.03E+00 3.68E-03 1.75E+00 9.85E-01 
   2005 N/A N/A N/A N/A N/A N/A N/A 
IZU BONIN2 142.754 29.0456 1995 6.08E-02 8.10E-01 2.12E+00 1.87E+00 4.08E-02 5.45E+00 0.00E+00 
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   2000 N/A N/A N/A N/A N/A N/A N/A 
   2005 N/A N/A N/A N/A N/A N/A N/A 
IZU BONIN3 143.145 26.5794 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 5.08E-01 1.18E-01 0.00E+00 1.09E+00 4.75E-03 1.95E+00 2.00E-02 
   2005 N/A N/A N/A N/A N/A N/A N/A 
IZU BONIN4 145.282 22.7685 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 N/A N/A N/A N/A N/A N/A N/A 
   2005 3.45E-01 7.28E-03 1.18E+00 1.14E+00 1.29E-02 2.43E+00 3.06E-01 
MARIANA1 146.872 20.7385 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 5.62E-01 1.11E-02 9.08E-02 1.36E+00 8.97E-03 2.68E+00 0.00E+00 
   2005 2.38E-01 4.72E-02 4.48E-01 1.54E+00 2.30E-02 3.43E+00 2.51E-01 
MARIANA2 147.489 19.0967 1995 3.84E-01 1.98E-01 1.42E-02 1.23E+00 4.54E-02 4.85E+00 0.00E+00 
   2000 4.37E-01 1.69E-02 4.70E-01 1.34E+00 9.46E-03 3.64E+00 1.03E+00 
   2005 2.32E-01 7.68E-02 3.26E-02 1.47E+00 2.26E-02 3.48E+00 0.00E+00 
MARIANA3 147.66 16.4783 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 5.05E-01 2.58E-02 1.01E+00 1.24E+00 5.08E-02 6.74E+00 4.94E-01 
   2005 N/A N/A N/A N/A N/A N/A N/A 
MARIANA4 146.768 14.0855 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 5.16E-01 3.05E-02 3.48E-01 1.30E+00 3.97E-02 4.33E+00 5.48E-01 
   2005 N/A N/A N/A N/A N/A N/A N/A 
MARIANA5 145.161 12.4625 1995 1.27E-01 4.67E-02 1.39E+00 1.41E+00 6.43E-03 1.48E+00 0.00E+00 
   2000 2.01E-01 1.04E-02 6.73E-01 1.27E+00 3.26E-02 3.62E+00 5.36E-01 
   2005 N/A N/A N/A N/A N/A N/A N/A 
MARIANA6 141.449 11.1457 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 3.58E-01 3.96E-03 2.62E-01 1.19E+00 2.84E-02 3.89E+00 5.64E-01 
   2005 1.77E-01 7.74E-02 2.20E+00 1.33E+00 5.42E-03 2.25E+00 1.03E+00 
TONANKAI 136.977 33.3418 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 1.18E-02 1.30E-01 2.59E+00 1.88E+00 7.58E-03 8.86E+00 1.46E+00 
   2005 N/A N/A N/A N/A N/A N/A N/A 
KYUSHU RYUKYU1 131.546 29.0074 1995 1.70E-01 3.50E-02 1.62E+00 1.22E+00 3.85E-02 8.46E+00 5.77E-01 
   2000 3.35E-01 1.33E-02 1.24E+00 1.08E+00 1.46E-02 3.22E+00 0.00E+00 
   2005 N/A N/A N/A N/A N/A N/A N/A 
KYUSHU RYUKYU2 130.306 27.4196 1995 1.94E-01 3.80E-02 1.65E+00 1.31E+00 1.89E-02 4.94E+00 4.87E-01 
   2000 2.03E-01 3.58E-02 1.05E+00 1.32E+00 1.01E-02 3.47E+00 8.12E-01 
   2005 N/A N/A N/A N/A N/A N/A N/A 
KYUSHU RYUKYU3 128.872 25.8377 1995 2.08E-01 6.98E-03 1.28E+00 1.18E+00 1.39E-02 3.63E+00 9.79E-01 
   2000 1.50E-01 3.46E-02 1.28E+00 1.28E+00 1.76E-02 7.04E+00 1.36E+00 
   2005 N/A N/A N/A N/A N/A N/A N/A 
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KYUSHU RYUKYU4 127.197 24.441 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 N/A N/A N/A N/A N/A N/A N/A 
   2005 1.96E-01 7.81E-03 1.17E+00 1.22E+00 7.82E-03 3.49E+00 0.00E+00 
LUZON 119.898 19.2044 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 N/A N/A N/A N/A N/A N/A N/A 
   2005 2.04E-01 7.95E-02 1.10E+00 1.35E+00 2.27E-03 1.39E+00 6.39E-02 
PHILIPPINES1 125.798 12.5265 1995 3.88E-01 2.33E-02 1.50E+00 1.21E+00 1.56E-02 3.07E+00 6.15E-01 
   2000 1.20E-01 1.04E-02 1.79E+00 1.11E+00 1.31E-01 8.13E+00 1.03E-01 
   2005 1.30E-01 3.12E-02 2.03E+00 1.33E+00 1.67E-02 4.84E+00 1.90E+00 
PHILIPPINES2 126.609 10.2269 1995 4.58E-01 2.48E-02 1.34E+00 1.27E+00 1.13E-02 2.56E+00 6.37E-01 
   2000 1.42E-01 3.85E-02 1.65E+00 1.17E+00 2.47E-02 2.96E+00 2.80E-02 
   2005 1.53E-01 2.31E-02 2.16E+00 1.37E+00 3.56E-03 1.46E+00 8.25E-01 
PHILIPPINES3 127.139 7.71769 1995 3.95E-01 2.52E-02 1.13E+00 1.33E+00 1.16E-02 2.44E+00 3.02E-01 
   2000 8.62E-02 1.76E-01 1.66E+00 1.40E+00 6.38E-02 7.87E+00 8.09E-01 
   2005 1.21E-01 2.68E-02 1.73E+00 1.36E+00 5.61E-03 1.49E+00 0.00E+00 
PHILIPPINES4 127.746 5.69643 1995 1.26E-01 1.08E-02 1.90E+00 1.06E+00 8.39E-02 4.54E+00 0.00E+00 
   2000 N/A N/A N/A N/A N/A N/A N/A 
   2005 N/A N/A N/A N/A N/A N/A N/A 
PHILIPPINES5 128.579 3.58538 1995 1.45E-01 3.48E-02 1.51E+00 1.11E+00 8.55E-03 1.54E+00 3.20E-02 
   2000 9.23E-02 6.58E-02 2.02E+00 1.32E+00 2.55E-02 2.84E+00 5.46E-01 
   2005 N/A N/A N/A N/A N/A N/A N/A 
PAPUA1 134.558 -0.0120035 1995 6.83E-01 2.35E-02 1.00E+00 1.27E+00 4.32E-02 2.33E+00 0.00E+00 
   2000 1.18E-01 2.44E-02 2.04E+00 1.29E+00 2.26E-03 1.68E+00 1.14E+00 
   2005 N/A N/A N/A N/A N/A N/A N/A 
PAPUA2 136.824 -0.367443 1995 3.97E-01 5.15E-02 1.33E+00 1.33E+00 3.29E-02 2.45E+00 4.76E-01 
   2000 1.65E-01 5.89E-02 1.15E+00 1.61E+00 2.87E-03 1.21E+00 0.00E+00 
   2005 N/A N/A N/A N/A N/A N/A N/A 
NEW GUINEA1 140.647 -1.92197 1995 1.29E-02 1.39E+00 2.84E+00 7.20E+00 1.01E-03 1.64E+00 5.36E-01 
   2000 N/A N/A N/A N/A N/A N/A N/A 
   2005 1.63E-01 2.72E-02 2.11E+00 1.30E+00 1.84E-02 5.35E+00 9.77E-01 
NEW GUINEA2 142.955 -3.01809 1995 4.42E-01 5.22E-02 9.94E-01 1.31E+00 8.68E-02 7.16E+00 7.34E-01 
   2000 4.51E-01 3.44E-02 9.88E-01 1.40E+00 1.17E-01 1.02E+01 7.81E-01 
   2005 N/A N/A N/A N/A N/A N/A N/A 
TONGA1 187.36 -16.46 1995 2.92E-02 6.50E-02 1.85E+00 1.29E+00 3.07E-02 3.15E+00 2.34E-01 
   2000 1.63E-01 2.02E-02 1.14E+00 1.16E+00 1.23E-02 2.08E+00 7.36E-01 
   2005 4.00E-01 1.80E-02 1.17E+00 1.21E+00 3.24E-02 1.68E+00 1.22E-01 
TONGA2 187.043 -19.2016 1995 6.72E-02 1.48E+00 1.54E+00 1.82E+00 4.21E-03 1.64E+00 1.07E+00 
   2000 N/A N/A N/A N/A N/A N/A N/A 
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   2005 1.50E-01 1.52E-01 1.84E+00 1.26E+00 2.84E-02 2.91E+00 7.09E-01 
TONGA3 186.134 -21.5319 1995 2.14E-01 6.50E-01 5.94E-01 1.52E+00 2.58E-02 1.97E+00 1.50E-01 
   2000 5.16E-01 9.74E-03 1.64E+00 1.03E+00 2.39E-01 9.84E+00 5.55E-02 
   2005 2.07E-01 9.59E-02 1.73E+00 1.23E+00 3.66E-02 2.97E+00 6.57E-01 
TONGA4 184.622 -25.8547 1995 1.37E-01 7.50E-01 1.31E+00 2.31E+00 8.15E-02 4.17E+00 0.00E+00 
   2000 N/A N/A N/A N/A N/A N/A N/A 
   2005 3.07E-01 6.88E-02 1.06E+00 1.42E+00 2.28E-02 1.88E+00 0.00E+00 
KERMADEC1 184.062 -28.3997 1995 1.53E-01 1.25E-01 1.17E+00 1.37E+00 3.82E-01 1.03E+01 3.73E-02 
   2000 9.81E-02 1.29E-01 2.12E+00 1.47E+00 5.08E-02 2.79E+00 4.62E-02 
   2005 4.00E-01 3.40E-02 1.09E+00 1.25E+00 3.63E-02 2.28E+00 3.50E-01 
KERMADEC2 183.241 -30.578 1995 1.63E-01 6.01E-02 1.26E+00 1.20E+00 2.32E-01 4.08E+00 0.00E+00 
   2000 2.43E-01 3.21E-02 1.81E+00 1.14E+00 2.87E-02 1.90E+00 2.30E-01 
   2005 2.78E-01 1.91E-02 1.43E+00 1.16E+00 1.81E-01 5.43E+00 8.01E-01 
KERMADEC3 182.299 -32.7588 1995 1.98E-01 9.94E-02 1.61E+00 1.28E+00 2.29E-01 4.61E+00 6.89E-01 
   2000 4.57E-01 1.22E-02 1.69E+00 1.08E+00 1.31E-02 1.60E+00 7.95E-01 
   2005 2.21E-01 1.03E-02 1.30E+00 1.15E+00 1.05E-01 4.06E+00 1.14E+00 
KERMADEC4 181.475 -34.571 1995 2.40E-01 4.91E-02 1.85E+00 1.26E+00 2.51E-02 1.54E+00 1.06E+00 
   2000 4.62E-01 1.62E-02 9.47E-01 1.15E+00 2.17E-02 1.94E+00 6.65E-01 
   2005 2.54E-01 1.53E-02 1.36E+00 1.20E+00 1.09E-01 3.77E+00 5.26E-01 
KERMADEC5 180.287 -36.8165 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 6.06E-01 3.54E-02 5.75E-01 1.26E+00 1.17E-02 1.49E+00 1.32E+00 
   2005 3.88E-01 4.01E+00 9.50E-01 3.45E+00 4.63E-03 1.11E+00 0.00E+00 
HIKURANGI 179.189 -39.0132 1995 8.42E-02 4.05E+00 1.99E+00 3.22E+00 4.06E-02 1.98E+00 0.00E+00 
   2000 5.70E-01 2.81E-02 1.95E-01 1.20E+00 1.69E-02 1.71E+00 0.00E+00 
   2005 N/A N/A N/A N/A N/A N/A N/A 
NEW ZEALAND1 164.231 -48.3333 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 N/A N/A N/A N/A N/A N/A N/A 
   2005 5.23E-01 4.59E-02 1.21E+00 1.19E+00 6.35E-03 1.55E+00 6.40E-01 
NEW ZEALAND2 165.125 -46.9573 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 5.55E-01 3.74E-02 1.30E+00 1.18E+00 2.29E-02 5.97E+00 1.23E+00 
   2005 3.40E-01 5.79E-02 1.58E+00 1.20E+00 8.56E-03 3.14E+00 1.10E+00 
NEW ZEALAND3 166.68 -45.3155 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 N/A N/A N/A N/A N/A N/A N/A 
   2005 3.43E-01 4.56E-02 1.57E+00 1.20E+00 4.22E-03 2.57E+00 1.21E+00 
VANUATU1 170.352 -22.3907 1995 1.56E-01 1.16E-02 9.76E-01 1.16E+00 1.36E-01 4.23E+00 0.00E+00 
   2000 1.45E-01 3.02E-02 1.95E+00 1.25E+00 1.50E-02 1.98E+00 5.20E-01 
   2005 2.10E-01 2.09E-02 1.41E+00 1.37E+00 3.13E-02 2.89E+00 2.44E-01 
VANUATU2 168.704 -20.7816 1995 1.32E-01 1.87E-02 9.45E-01 1.17E+00 3.37E-02 2.23E+00 1.23E-02 
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   2000 1.19E-01 2.39E-02 2.01E+00 1.20E+00 1.06E-02 1.91E+00 5.92E-01 
   2005 1.90E-01 2.11E-02 1.52E+00 1.35E+00 1.65E-02 2.08E+00 3.11E-01 
VANUATU3 167.441 -18.3293 1995 6.11E-02 1.52E-01 1.41E+00 1.71E+00 5.73E-03 2.11E+00 8.03E-01 
   2000 1.27E-01 5.08E-03 1.70E+00 1.18E+00 5.61E-02 6.30E+00 5.07E-01 
   2005 1.63E-01 1.16E-02 1.65E+00 1.23E+00 2.46E-02 2.40E+00 2.77E-01 
VANUATU4 166.647 -16.1856 1995 7.41E-02 6.73E-02 1.42E+00 1.59E+00 6.49E-03 2.03E+00 7.67E-01 
   2000 1.25E-01 6.29E-03 1.59E+00 1.22E+00 2.46E-02 2.67E+00 1.62E-01 
   2005 1.60E-01 4.62E-03 1.33E+00 1.14E+00 9.29E-02 5.13E+00 5.47E-02 
VANUATU5 164.847 -11.854 1995 3.99E-01 2.21E-02 8.66E-01 1.21E+00 1.55E-02 2.37E+00 7.68E-01 
   2000 1.43E-01 3.96E-02 1.39E+00 1.18E+00 8.21E-03 1.54E+00 0.00E+00 
   2005 1.96E-01 2.31E-02 1.64E+00 1.20E+00 1.27E-02 2.41E+00 9.49E-01 
VANUATU6 162.701 -11.2078 1995 3.45E-01 9.21E-02 5.78E-01 1.57E+00 1.26E-01 1.88E+01 1.08E+00 
   2000 4.09E-01 2.57E-02 8.87E-01 1.22E+00 7.53E-01 2.69E+01 0.00E+00 
   2005 1.68E-01 4.45E-02 1.53E+00 1.43E+00 6.28E-02 3.18E+00 0.00E+00 
SOLOMON1 160.425 -10.545 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 3.26E-01 8.39E-03 1.20E+00 1.10E+00 3.74E-02 2.46E+00 1.65E-02 
   2005 N/A N/A N/A N/A N/A N/A N/A 
SOLOMON2 158.675 -9.57663 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 1.19E-01 2.02E-02 1.32E+00 1.32E+00 5.98E-03 1.74E+00 3.27E-01 
   2005 1.89E-01 3.17E-02 1.44E+00 1.25E+00 1.43E-02 3.76E+00 1.00E+00 
SOLOMON3 155.902 -7.81313 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 1.94E-01 9.76E-02 1.64E+00 1.55E+00 3.22E-02 3.28E+00 4.20E-01 
   2005 1.25E-01 1.09E-01 2.68E+00 1.42E+00 1.03E-02 1.96E+00 1.09E+00 
NEW BRITAIN1 154.405 -6.72063 1995 1.26E-01 8.49E-01 1.58E+00 1.92E+00 1.33E-03 1.47E+00 1.09E+00 
   2000 N/A N/A N/A N/A N/A N/A N/A 
   2005 7.32E-01 1.32E-02 4.76E-01 1.11E+00 5.88E-03 1.50E+00 0.00E+00 
NEW BRITAIN2 151.429 -6.37437 1995 3.08E-01 3.93E-02 1.09E+00 1.19E+00 1.00E-02 1.76E+00 7.52E-01 
   2000 2.42E-01 5.84E-02 1.45E+00 1.31E+00 2.23E-02 2.21E+00 4.09E-01 
   2005 1.86E-01 4.50E-02 1.48E+00 1.28E+00 6.77E-03 1.80E+00 6.80E-01 
SERAM 130.87 -3.08191 1995 9.98E-02 1.71E-02 2.03E+00 1.17E+00 1.48E-02 1.40E+00 0.00E+00 
   2000 N/A N/A N/A N/A N/A N/A N/A 
   2005 4.79E-02 1.54E-01 3.04E+00 1.33E+00 4.14E-01 3.64E+01 9.52E-01 
CELEBES 120.954 1.74771 1995 2.81E-01 2.23E-01 1.23E+00 1.25E+00 1.34E-03 1.34E+00 5.50E-01 
   2000 N/A N/A N/A N/A N/A N/A N/A 
   2005 N/A N/A N/A N/A N/A N/A N/A 
MALUKU 126.353 1.31086 1995 7.52E-02 1.19E-02 1.95E+00 1.13E+00 1.27E-02 3.41E+00 1.84E+00 
   2000 1.19E-01 9.56E-03 1.67E+00 1.21E+00 9.59E-02 8.59E+00 2.26E-01 
   2005 1.09E-01 5.71E-02 2.33E+00 1.12E+00 4.22E-03 1.70E+00 5.70E-01 
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JAVA1 116.882 -11.2945 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 N/A N/A N/A N/A N/A N/A N/A 
   2005 2.72E-01 9.20E-03 7.32E-01 1.27E+00 9.54E-04 1.68E+00 3.01E+00 
JAVA2 114.693 -11.0819 1995 1.70E-01 2.91E-01 2.17E+00 1.55E+00 5.60E-04 1.33E+00 2.19E+00 
   2000 N/A N/A N/A N/A N/A N/A N/A 
   2005 1.78E-01 1.39E-02 1.09E+00 1.30E+00 8.48E-04 2.98E+00 5.17E+00 
JAVA3 110.567 -10.4731 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 N/A N/A N/A N/A N/A N/A N/A 
   2005 7.32E-01 2.38E-02 8.43E-01 1.17E+00 2.91E-03 1.54E+00 1.02E+00 
JAVA4 108.469 -10.0859 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 N/A N/A N/A N/A N/A N/A N/A 
   2005 4.15E-01 7.14E-02 1.49E+00 1.36E+00 4.59E-03 1.72E+00 1.06E+00 
JAVA5 106.447 -9.3398 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 N/A N/A N/A N/A N/A N/A N/A 
   2005 2.08E-01 7.41E-02 2.77E+00 1.34E+00 3.52E-03 3.07E+00 3.65E+00 
JAVA6 104.937 -8.53664 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 3.83E-01 1.60E-02 6.29E-01 1.20E+00 1.86E-03 1.43E+00 9.52E-01 
   2005 N/A N/A N/A N/A N/A N/A N/A 
SUMATRA1 102.863 -7.23155 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 2.52E-01 7.37E-02 1.77E+00 1.25E+00 7.71E-03 2.28E+00 1.03E+00 
   2005 N/A N/A N/A N/A N/A N/A N/A 
SUMATRA2 101.424 -5.92375 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 2.81E-01 8.13E-02 1.64E+00 1.28E+00 1.45E-02 2.76E+00 7.38E-01 
   2005 4.44E+00 8.72E-03 1.07E+00 1.01E+00 7.64E-03 1.53E+00 4.08E-01 
SUMATRA3 99.8371 -3.97694 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 N/A N/A N/A N/A N/A N/A N/A 
   2005 8.16E-01 1.39E-02 9.79E-01 1.11E+00 4.53E-03 1.71E+00 5.99E-01 
SUMATRA4 98.6722 -2.41254 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 N/A N/A N/A N/A N/A N/A N/A 
   2005 8.53E-01 1.82E-02 8.43E-01 1.17E+00 6.35E-03 1.69E+00 0.00E+00 
SUMATRA5 93.2361 4.41069 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 1.74E-01 2.13E-01 3.26E+00 1.79E+00 1.14E-03 1.37E+00 4.39E+00 
   2005 6.71E-01 1.49E+00 6.12E-01 1.46E+00 8.02E-03 1.29E+00 0.00E+00 
ANDAMAN1 91.7187 9.11452 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 2.85E+00 4.56E-02 2.14E+00 1.27E+00 1.51E-03 1.02E+00 1.93E+00 
   2005 5.17E-01 2.68E-02 1.30E+00 1.16E+00 5.98E-03 1.48E+00 6.18E-01 
ANDAMAN2 91.6839 11.2831 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 N/A N/A N/A N/A N/A N/A N/A 
 119 
   2005 1.36E+00 1.74E-02 1.27E+00 1.06E+00 2.45E-03 1.16E+00 0.00E+00 
SOUTH SANDWICH1 333.161 -55.5818 1995 5.17E-02 1.18E-02 1.86E+00 1.30E+00 1.02E-03 1.72E+00 1.89E+00 
   2000 1.50E-01 1.05E-01 2.37E+00 1.23E+00 2.33E-03 1.15E+00 6.33E-01 
   2005 1.26E-01 6.60E-01 7.30E-01 1.78E+00 7.98E-03 2.31E+00 6.84E-01 
SOUTH SANDWICH2 334.984 -56.804 1995 3.36E-02 1.07E-02 2.07E+00 1.23E+00 1.05E-03 2.04E+00 2.19E+00 
   2000 N/A N/A N/A N/A N/A N/A N/A 
   2005 1.81E-01 1.46E-02 1.08E+00 1.08E+00 1.17E-01 1.06E+01 0.00E+00 
SOUTH SANDWICH3 335.442 -58.5248 1995 N/A N/A N/A N/A N/A N/A N/A 
   2000 N/A N/A N/A N/A N/A N/A N/A 
   2005 7.10E-02 1.47E-02 1.84E+00 1.34E+00 7.57E-02 7.57E+00 0.00E+00 
 
A1.2. Examples of detection failures due to the requirement of Pb ≥ 0.5. 
In the southern Japan Trench (Ibaraki-Boso-Oki), we reversed the requirement (Pb < 
0.5) to look at aftershock sequences and detected seismic sequences with anomalously 
high seismicity rates during 1995–2009. Two of the three detected seismic sequences 
were aftershock sequences of M 7 class events (see Figure A1.1). On the other hand, 
one of the sequences seemed not to be related with any large event or any detected 
swarm. It occurred in the foreshock region of the 2011 M9 Tohoku-Oki earthquake. We 
could not detect this sequence as a swarm sequence because this sequence had a 
foreshock sequence following the ETAS model.  
 
We also repeated the same analysis in the Kurile Trench. We detected six seismic 
sequences (see Figure A1.2). Two of the six sequences are aftershock sequences of 
large events (a M8.3 event in 2006 and a M6.9 event in 2009). Other three sequences 
are succeeding parts of the 1995 Itrup swarm (Figure 2.6a), a swarm offshore of 
Simushir Island in 1997, and a swarm offshore of Simushir Island in 2006 (Figure 2.6c), 
whose beginning parts were detected in our analysis (see Figure 2.5a, 2.6a, and 2.6c). In 
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contrast, the remaining one sequence offshore of Itrup Island seemed not to be related 
with any large event or any detected swarm sequence. We could not detect this 
sequence as a swarm sequence because this sequence had a foreshock sequence 
following the ETAS model. 
 
These results show that the requirement (Pb ≥ 0.5) prevents us from detecting 
aftershock sequences with anomalously high seismicity rates, but there are also missed 
earthquake swarms due to this requirement. We may underestimate the number of 
events in each swarm sequence because we sometimes miss a succeeding part of each 
swarm sequence as in the first scenario in Section 2.5.3. However, the number of swarm 
sequences is not strongly affected by the requirement of Pb ≥ 0.5 because detection 
failures as in the second scenario in Section 2.5.3 are relatively rare. In both the 
southern Japan Trench and the Kurile Trench, we miss only one sequence while we 
wholly or partially detected nine and ten swarm sequences there (Section 2.4.1.1 and 
Section 2.4.1.2). Therefore, the number of missed swarm sequences is small compared 
with the number of detected swarm sequences. 
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Figure A1.1 | Hypocenters of potential earthquake swarms whose Pb of the first 
event is less than 0.5 in the southern Japan Trench. Small circles are the potential 
earthquake swarms. They are colored according to their occurrence time. Large stars are 
hypocenters of large earthquakes. Small stars are foreshocks of the 2011 M9 
Tohoku-Oki earthquake. 
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Figure A1.2 | Hypocenters of potential earthquake swarms whose Pb of the first 
event is less than 0.5 in the Kurile region. Small circles are hypocenters of the 
potential earthquake swarms. They are colored according to their occurrence time. 
Large stars are hypocenters of large earthquakes.  
 
A 1.2. Calculation of curvature of the incoming plate before subduction 
For each trench section, we made several bathymetric cross-sections extending 
100-km-seaward from the trench (see Figure A1.3). We fitted cubic functions to these 
cross-sections (see Figure A1.3b) and calculated the curvature of each profile. The 
curvature of the incoming plate was then defined as the median curvature taken over all 
the cross-sections. Cross-sections located close to seamounts and ridges were excluded 
because we could not reliably calculate the plate curvature in these cases. Calculated 
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plate curvatures are shown in Figure A1.4. 
 
Figure A1.3 | Calculation of curvature of the incoming plate before subduction. (a) 
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Bathymetry of Tohoku-Oki, Japan; locations of the cross-sections shown in (b) are 
indicated by red lines. (b) Bathymetric cross-sections of the Japan Trench (red lines) 
and cubic functions fitted to the bathymetry (blue lines).  
 
 
 
Figure A1.4 | Calculated curvature of the incoming plate before subduction for the 
100 regions used in this study. The color of each circle indicates the curvature of the 
incoming plate before subduction. The orientation and length of each arrow indicate the 
plate velocity. We were unable to calculate plate curvature for 11 regions due to the 
presence of seamounts and ridges; these regions are shown as grey circles. 
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A2. Appendices for Chapter 3 
A2.1. Influences of the parameter 𝜸 on detection of earthquake swarms 
For the period 1991–1993, for which the parameter 𝛾 was estimated to be zero, we 
repeated our swarm detection using a typical value of 𝛾 (=  1.0) instead. We detected 
12 swarm sequences using 𝛾 =  1.0 (Figure A2.1). 11 of the 12 swarm sequences are 
the same as swarm sequences detected using 𝛾 =  0. This suggests that the parameter 𝛾 does not strongly affect our swarm detection.  
 
Figure A2.1 | Hypocenters of detected swarms during the period 1991–1993. (a) 
Swarms detected using 𝛾 =  0. (b) Swarms detected using 𝛾 =  1.0. Small circles 
indicate the hypocenters of the detected swarms. Red and blue stars indicate the 
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hypocenters of the 1982 and 2008 M 7 Ibaraki-Oki earthquakes respectively. 
 
A2.2. Swarm sequence in March 2008 
The swarm sequence in March 2008 started on March 15th and continued for 8 days 
(Figure A2.2). The matched filter technique detected 91 events, which is 1.7 times of 
the JMA catalog (55 events). Repeating earthquakes were found in this swarm sequence. 
The comparison of the number of observed events (≥ M 3) in the Ibaraki-Oki detection 
circle (8 events) with the number of events predicted by the ETAS model (1.6 event) 
shows an anomaly larger than 5𝜎 (Figure A2.2c), i.e. the probability that we observe 
such a high seismicity rate is less than 2.7 × 10-4. 
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Figure A2.2 | Space-time distribution, excess events, fault slip of the swarm 
sequence in March 2008. (a) and (b) show time-longitude and latitude-time 
distributions of the swarm sequence in March 2008. Green circles are swarms. Small 
stars are repeating earthquakes, colored according to the same manner as Figure 3.7a. 
(c) Transformed time of this swarm sequence. The transformed time was calculated 
since the first M 3 or larger swarm event. (d) and (e) show temporal changes in the 
number of excess events and estimated fault slip of repeating earthquakes. 
 
A2.3. Swarm sequence in November 2004 
The swarm sequence in November 2004 started on November 14th and continued for 3 
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days (Figure A2.3). The matched filter technique detected 37 events, which is 1.9 times 
of the JMA catalog (20 events). Repeating earthquakes were found in this swarm 
sequence. The comparison of the number of observed events (≥ M 3) in the Ibaraki-Oki 
detection circle (6 events) with the number of events predicted by the ETAS model (1.3 
event) shows an anomaly larger than 4𝜎 (Figure A2.3c), i.e. the probability that we 
observe such a high seismicity rate is less than 2.2 × 10-3. 
 
 
Figure A2.3 | Space-time distribution, excess events, fault slip of the swarm 
sequence in November 2004. (a) and (b) show time-longitude and latitude-time 
distributions of the swarm sequence in November 2004. Orange circles are swarms. 
Small stars are repeating earthquakes, colored according to the same manner as Figure 
 129 
3.7a. (c) Transformed time of this swarm sequence. The transformed time was 
calculated since the first M 3 or larger swarm event. (d) and (e) show temporal changes 
in the number of excess events and estimated fault slip of repeating earthquakes. 
 
A2.4. Swarm sequence in May 1996 
The swarm sequence in May 1996 started on May 9th and continued for 7 days (Figure 
A2.4). Repeating earthquakes were found in this swarm sequence. Hypocenters of this 
swarm sequence migrated in the southeast direction from May 9th to May 12h. Its 
migration speed is about 10 km/day. The comparison of the number of observed events 
(≥ M 3) (19 events) in the Ibaraki-Oki detection circle with the number of events 
predicted by the ETAS model (3.0 event) shows an anomaly larger than 9𝜎 (Figure 
A2.4b), i.e. the probability that we observe such a high seismicity rate is less than 5.6 × 
10-10.  
 
 
Figure A2.4 | Space-time distribution and excess events of the swarm sequence in 
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1996. (a) Space-time distribution of the swarm sequence in 1996 (JMA catalog). The 
horizontal axis is distance in the southeast direction from (36.2ºN, 141.9ºE). Magenta 
circles are swarms. Small stars are repeating earthquakes, colored according to the same 
manner as Figure 3.7a. (b) Transformed time of this swarm sequence. The transformed 
time was calculated since the first M 3 or larger swarm event. (c) Temporal changes in 
the number of excess events.  
 
A2.5. Foreshock sequence in July 1982 
The foreshock sequence of the 1982 Ibaraki-Oki earthquake, which occurred on July 
23rd, 1982, started around the hypocenter of the mainshock on July 21st (Figure A2.5). 
The comparison of the number of observed events (≥ M 3) (32 events) in the 
Ibaraki-Oki detection circle with the number of events predicted by the ETAS model 
(7.1 event) shows an anomaly larger than 9𝜎 (Figure A2.5c), i.e. the probability that we 
observe such a high seismicity rate is less than 6.9 × 10-12. 
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Figure A2.5 | Space-time distribution and excess events of the foreshock sequence 
in 1982. (a) and (b) show time-longitude and latitude-time distributions of the foreshock 
sequence in 1982 (JMA catalog). Red circles are swarms. Black circles are aftershocks. 
The large star indicates the 1982 Ibaraki-Oki earthquake. (c) Transformed time of the 
foreshock sequence in 1982. The transformed time was calculated since the first M 3 or 
larger foreshock event. (d) Temporal changes in the number of excess events. 
 
A2.6. Swarm sequence in June 2002 
The swarm sequence in June 2002 started on June 30th and continued for 12 days 
(Figure A2.6). Repeating earthquakes were found in this swarm sequence. The 
comparison of the number of observed events (≥ M 3) (12 events) in the Ibaraki-Oki 
detection circle with the number of events predicted by the ETAS model (2.5 event) 
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shows an anomaly larger than 5𝜎 (Figure A2.6c), i.e. the probability that we observe 
such a high seismicity rate is less than 1.5 × 10-5. 
 
 
Figure A2.6 | Space-time distribution and excess events of the swarm sequence in 
2002. (a) and (b) show time-longitude and latitude-time distributions of the swarm 
sequence in 2002 (JMA catalog). Pink circles are swarms. Small stars are repeating 
earthquakes, colored according to the same manner as Figure 3.7a. (c) Transformed 
time of this swarm sequence. The transformed time was calculated since the first M 3 or 
larger swarm event. (d) Temporal changes in the number of excess events. 
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